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ABSTRACT 
Advance composite materials based mainly on epoxy resins are being used 
in increasing amounts in aerospace components due to their high strengthlweight 
ratio. Such components have to survive in a range of temperature and humid 
environments in different parts of the world. The current generation of epoxy resins 
used in high performance fibre reinforced laminates absorlb moisture from the 
atmosphere. Moisture absorption by the epoxy resins leads to a reduction in glass 
transition temperature and to a softening of the resin with a loss of resin stiffness 
and strength. 
In certain applications the components have to survive low impacts from 
dropped tools and rough handling during maintenance. Low energy impact of this 
nature are considered potentially dangerous mainly because the damage might be 
left undetected. Even where no visible impact damage is observed at the surface, 
matrix cracking and interlaminar failure can occur, and the load carrying properties 
of the composite components is considerably reduced. 
A compression after impact (CAI) test is widely used in industry as the major 
screening parameters for materials selection. The aim of the work reported in this 
thesis was to determine the influence of thermohumid conditions on CAI properties 
and to assess the degradation behaviour of composite laminates under these 
thermohumid conditions. 
Epoxy resin pre-impregnated unidirectional carlbon and glass were moulded 
into laminates and then impacted according to Composites Research Advisory 
Group (CRAG) configuration recommendations. The in-plane extent of delamination 
damage after impact was measured using an ultrasonic C-scanning method. The 
effect of exposure to thermohumid conditions at 40°C & 90% RH and 60°C & 95% 
RH was investigated for periods of up to eighty days. During these periods moisture 
up-take was recorded and variations in glass transition temperature were 
determined. Periodically the interlaminar shear strength (ILSS) and compression 
after impact (CAI) was measured. 
The results showed that the absorlbed moisture decreases those properties 
of the epoxy-based composite laminates which were dominated by the matrix or the 
interface. At similar impact energies, glass reinforced epoxy systems exhibited less 
delamination damage than carlbon reinforced epoxy systems. Higher impact energy 
led to larger damage areas. Carbon reinforced samples absorlbed a higher 
percentage of moisture than glass samples. This was shown to be due to a greater 
degree of attack at the fibre/matrix interface. The ILSS of carlbon reinforced 
samples decreased with moisture level whereas the glass reinforced samples were 
unaffected or improved. Moisture up-take had little effect on the extent of impact 
induced delamination but did produce a decrease in the glass transition 
temperature (Tg). It was concluded that at the levels used moisture up-take was 
less significant than energy of impact or fibre type. When subjected to CAI tests a 
reduction in compression strength, compared to unconditioned, was observed but 
this was not large. Scattering of the CAI results was a problem. Compressive 
testing was sensitive to factors such as Euler buckling, specimen misalignment, 
fibre misalignment present in the laminates and poor specimen design. 
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CHAPTER 1 : INTRODUCTION AND AIMS 
1.1 Fibre Reinforced Composite Materials 
Composites, in the strictest sense, consist of any type of multiphase material. 
Generally speaking, a composite material is a material with several distinct phases 
present. Normally, the composite consists of a reinforcing material (e.g. fibre, 
whisker) supported in a binder or matrix material. The reinforcing material is normally 
the load carrying medium in the material, and the matrix serves as a carlier, protector 
and load transfer medium around the reinforcement. 
It is instructive to consider plastic matrices from the pOint of view of fibre 
utilisation, since incorporation of fibres in plastic matrices can be regarded as the 
most powerful way of utilising the high strengths available. In contrast, fibre 
reinforcement of metals can be regarded as merely an extension of the currently 
available range of strengthening mechanisms. However, in terms of their application 
in general engineering, plastics tend to exhibit low modulus and quite often low 
strength as compared with metals. The incorporation of fibres is generally easy and 
fibre loading up to about 70 % are realisable. The resulting products are extremely 
stiff and strong with low density. 
In the early days of development of fibre reinforced plastic composites for use 
in aerospace vehicles, there were considerably fewer choices available to the 
designer in materials, fabrication techniques, and design concepts than there are 
today. Advanced fibre reinforced plastiC composites have several properties which 
make them suitable for aircraft structural applications. They have high specific 
stiffness and strength, good corrosion resistance, good fatigue properties (at least in 
tenSion) and are highly formable(Baker et al., 1985). According to Dorey(1984) weight 
savings of between 10 - 30% can be achieved for direct material replacement and up 
to 50% for complete structural designs. 
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The beginnings of these materials can be traced back to the late 1930's when 
flax thread was impregnated with phenolic resin to produce what was probably the 
first example of a high performance composites. In following years a number of fibres 
were investigated but none were found that had the specific stiffness and strength 
properties required for structural aircraft applications(McMullen, 1984). In the mid-
1960 a process was developed at the Royal Aircraft Establishment to process high 
modulus, high strength caribon fibres from polyacrylonitrile(PAN) (Hull, 1981). When 
combined with thermosetting resins which had already been developed for glass fibre 
reinforced composites a material was produced which had excellent specific stiffness 
and strength values(Stubbington, 1988). These properties made composite materials 
viable for use in aircraft structural applications. 
Many of these advanced fibres and resins are being combined together in 
unidirectional preimpregnated form, such as yam, tape, and sheet material. The 
availability of such unidirectional prepreg material permits precise orientation of each 
ply in a composite which gives maximum structural efficiency for a given application. 
_ In a fibre reinforced polymeric composite material, the strength of the bond 
between the fibre and the matrix determines the failure mode and the detailed failure 
mechanisms, and is the key to reinforcement efficiency, tensile strength, compressive 
strength, shear strength, toughness, fatigue strength and environmental resistance. 
In order for the matrix to transfer the load, it must have a suffiCiently high 
cohesive shear strength and it must provide suffiCiently high interfacial shear 
strength, either through chemical or mechanical adhesion, or a combination of the 
two. There are two principal theories on how load transfer between fibres is achieved 
in fibre reinforced polymeric matrix composites (Schwartz and Schwartz, 1968). One 
theory is the mechanical bonding, friction, or shrink-fit theory. The elements of this 
theory are that during polymerisation or cure of the resin, the resin shrinks around the 
fibre with sufficient force to provide frictional resistance to movement of the fibre 
through the cured resin. The other theory is the chemical coupling theory. According 
to this theory, certain functional group in the polymer chemically react with the 
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reinforcement surface to form chemical bond, or a separate chemical coupling agent 
is used, one part of which react with, or is compatible with the polymeric matrix. 
The introduction of composite materials into aircraft has been hindered to 
some extent by the complexities of designing with anisotropic, inhomogeneous 
materials. Currently a methodology exits for designs based on a stiffness 
requirement, however problems are encountered when a strength criteria is to be 
satisfied. Design data for strength are difficult to measure since the test results are 
often sensitive to test geometry. Apart from this composites are prone to a fairly wide 
range of defects and damage arising during both manufacture and service. This 
damage can seriously affect the residual strength of the material and this needs to be 
accounted for at the design stage. 
The compressive strength of plastic composites falls as the matrix offers 
decreasing resistance to fibre buckling. This indicates that compressive strength 
increases with increasing matrix modulus and yield strength. Interlaminar shear 
strength is also directly related to compressive strength, since ultimate failure tends 
to occur as delamination takes place. Other factors such as tensile properties and 
elongation are related to compressive strength, but it is considered that these are 
merely indirect effects. 
Delaminations were identified as possibly the most important type of defect 
because they can cause large reductions in residual compressive strength and can 
be difficult to detect(Baker et aI., 1985): Delaminations can develop during service 
due to: 
a) Through thickness stresses developed at free edges, holes, ply drops or 
ply terminations, bonded or co-cured joints and bolted jOints, 
b) Effects of moisture and temperature, for example residual thermal stresses 
from processing and moisture gradients through the thickness of the 
laminates, 
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c) Low energy impact damage caused by runway stones or hail stones and 
dropped tools. 
Of these, low energy impact has been identified as the most insidious(Baker 
et aI., 1985) because the probability of occurrence is high and the intemal damage, in 
the form of delaminations, is likely to remain undetected (since routine non-
destructive testing, NDT, is almost always confined to potential hot-spots as full scale 
NDT is both costly and time consuming) but may caused large reductions in residual 
compression strength. 
One of the principle goals of the materials suppliers has been to develop more 
damage resistance and damage tolerant materials. Much of the effort has been 
directed towards increasing the toughness of the matrix material and producing fibres 
with higher strains to failure(Curtis, 1989). An essential tool for such materials 
development is the availability of test methods that can provide data appropriate to 
the properties in question. A compression after impact (CAI) test is widely used in the 
industry to assess the relative performance of different composite formulations with 
various fibre and matrix combinations(Boeing, 1982, SACMA SRM, 2 -88). The test is 
widely regarded as a damage tolerance test, but in reality measures two different 
aspects of material's performance, namely the resistance of the laminate to damage 
(in the impact test) and subsequently the resistance of the laminate to the 
propagation of the damage (during compression). 
1.2 Environmental Effects on CompOSite Materials 
The real test for fibre reinforced, composite materials come when they are 
used in-service, where they are subjected to all the natural hazards of service life. 
The increasing use of these materials in industry, particularly in the aircraft industry, 
has resulted in extensive research to determine their behaviour under different 
environmental conditions. 
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There are thus conflicting requirements of manufacture and performance for 
fibre reinforced composites. Aircraft structures have to be designed to last at least 20 
years in service and because of the possible susceptibility of the resin matrices to 
absorbed water, designs usually aim to take maximum advantage of the fibre 
controlled properties. However some critical properties, such as compression strength 
under hotlwet conditions, where microbuckling of the fibres dominates the failure, are 
determined by environmental effects and can restrict the design limit of the material 
(to about 0.4 % strain for hotlwet compression for carbon fibre reinforced plastics -
CFRP) (Dorey, 1980). It is important therefore to allow for the effects of absorbed 
water in deciding design allowable properties. 
The mechanisms of water absorption, the plasticizing effect of absorbed 
moisture and the lowering of the glass transition temperature are well known 
processes which have been widely studied in polymeric materials(Thomson and 
Broutman, 1982, Gupta and Drzal, 1985, Wong and Broutman, 1985, Morel et ai., 
1985). To a lesser extent, water absorption has also been studied in composite 
materials and it has been shown that, in general, the mechanism of moisture 
penetration are much more complex than in the case of the unreinforced matrix(Lee 
and Peppas, 1983, Marom, 1985). 
The current generation of epoxy resins used in high performance fibre 
reinforced composites absorb water from the atmosphere with the surface layer 
reaching equilibrium with the surrounding environment very quickly followed by 
diffusion of water into all of the material. Epoxy resins can absorb a maximum of 
between 1% and 10% by weight of water (depending on chemical composition), so in 
composites with 60% by volume of fibres the water uptake is between 0.3% and 3% 
by weight. Water absorption by the epoxy resins leads to a reduction in the glass 
transition temperature and to a softening of the resin with a loss of resin stiffness and 
strength, particularly at elevated temperature(Browning et ai., 1977). These degraded 
resin properties manifest themselves in the fibre reinforced composites as loss of 
performance in the resin dominated properties, such as reductions in strength and 
stiffness under shear loading, compressive loading and loading perpendicular to the 
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fibres (Browning et aI., 1977, Marshall et aI., 1982). In many cases water absorption 
obeys Fick's law and diffusion is driven by the water concentration gradient between 
the environment and the material producing continuous absorption until saturation is 
reached(Shen & Springer, 1976). 
Temperature and water may therefore affect the performance of fibre 
reinforced compOSite materials (Shen & Springer, 1976, Selzer and Friedrich, 1995, 
1997), i.e. tensile strength, compressive strength, shear strength, elastic moduli and 
swelling (dimensional changes) etc. The quantity of water absorbed by a composite 
material is thus of considerable importance, in particular to the designer when setting 
deSign limit for components or structures operating in high temperature and high 
humid environments. 
1.3 Aims 
The main aim of the work proposed in this project is to assess the influence of 
thermohumid conditions on fibre reinforced polymer composite materials with specific 
reference to compression after impact ( CAI ) properties. 
In summary the objective of the project were: 
(a) To assess the influence of temperature and humidity on the overall 
properties of fibre reinforced compOSite laminates. 
(b) To assess the influence of thermohumid conditions on the residual 
compressive strength after impact. 
(c) To assess the influence of degree of damage (controlled by impactor 
energy) on the residual compressive strength with reference to thermohumid 
condition. 
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(d) To determine the effect of laminate configuration and also fibre type on 
the CAI properties under the influence of thermohumid condition. 
(e) By suitable testing and analysis to determine and explain the above 
influences. 
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CHAPTER 2 LITERATURE REVIEW 
2.1 Impact Test Methods 
Impact test methods were originally developed for assessing the impact 
behaviour of homogeneous and isotropic materials. Methods such as Charpy and 
Izod have been used to determine the toughness of these materials, however, these 
techniques are of limited value, suited to ranking ( Li and Harding, 1987, Cantwell 
and Morton, 1991), where composite materials are concemed due to the complexity 
of the failure process. Charpy and Izod tests destroy the specimens and give a 
measure of the energy absorbed in the process,' but these tests on bar-like coupon 
specimens do not fully reflect the behaviour of plate-like structures. 
Consequently, methods have been developed to simulate in-service 
conditions. Techniques such as dropweight tests (Simulating dropped tools and hail 
stones) and ballistic tests (simulating runway stones) are designed to facilitate the 
determination of the residual mechanical properties of the materials. These tests 
have the advantage that the effect of the impact damage on some other mechanical 
property can be measured (Dorey, 1987). Generally, tests are categorised into low 
velocity impact (for dropweight tests) and high velocity impact (for ballistic tests), but 
there is not a clear transition between categories and authors disagree on their 
definition. 
Sjoblom et al. (1988) and Shivakumar et al. (1985) define low velocity impact 
as events which can be treated as quasi-static, the upper limit of which can vary from 
one to tens of ms -1 depending on the target stiffness, material properties and the 
impactor's mass and stiffness. High energy impact response is dominated by stress 
wave propagation through the material, in which the structure does not have time to 
respond, leading to localised damage. Boundary condition effects can be ignored 
because the impact event is over before the stress waves have reached the edge of 
the structure. In low velocity impact, the dynamic structural response of the target is 
of utmost importance as the contact duration is long enough for the entire structure to 
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respond to the impact and the consequence is that more energy is absorbed 
elastically. 
Cantwell and Morton (1991) classified low velocity impact as up to 10 ms -, , 
by considering the test techniques which are generally employed in simulating the 
impact event (Charpy, Izod, Instrumented falling weight, etc.)whilst, in contrast, 
Abrate (1991) in his review of impact on laminated composites stated that low velocity 
impacts occur for impact speeds of less than 100 ms -'. 
Joshi and Sun (1987) suggest that the type of impact can be related to the 
damage incurred, especially if damage is the prime concern. This is also suggested 
by Liu and Malvern (1987). High velocity is thus characterised by penetration-induced 
fibre breakage and low velocity by delamination and matrix cracking. 
Richardson and Wisheart (1996) defined low-velocity impact as impacts in the 
range of 1 to 10 ms -, which are ordinarily introduced in the laboratory by 
mechanical test machines such as the Instrumented Falling Weight Impact Test 
(IFWIT) technique. The contact period is such that the whole structure has time to 
respond to the loading. The modes of impact damage induced range from matrix 
cracking and delamination through to fibre failure and penetration. 
According to Davies and Robinson (1992) the term low-velocity is defined as 
that lower bound which does not excite through thickness stress waves but allows the 
structure to respond dynamically so that the thin plates deform as in classical thin 
plate theory rather than local 3-D stress fields. It has been shown that this velocity is 
of the order of the speed of sound in the matrix multiplied the failure strain threshold. 
This turns out to be about 20 ms-' in carbon fibre composites. 
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2.2 Detection of Impact Damage 
Impact damage is generally not considered to be a threat in metals as it is 
easily detected as damage starts at the impacted surface; however, damage in 
composites often begins on the non-impacted surface or in the form of an internal 
delamination. 
There are a large number of methods for detecting damage in composite 
materials. These can be conveniently divided into destructive and non-destructive 
methods. Stone and Clarke(1987) reviewed the non-destructive techniques which 
have been applied to composite materials. They discuss a number of techniques 
(such as radiography, thermography, ultrasonic, eddy currents, mechanical 
impedance, acoustic emission and fibre optics) but point out that ultrasonic 
techniques and X -radiography have been most widely used. 
Gao and Kim(1998) reviewed destructive and nondestructive techniques for 
three-dimensional (3D) characterisation of the impact damage in CFRP laminated 
composites. Among the methods reviewed were (i) destructive de-ply and sectional 
fractography techniques (ii) nondestructive visual observation, fibre optics, different 
kinds of X-ray radiography and ultrasonic methods, namely de-ply radiography, 
stereo radiography, X-ray computed tomography (CT), X-ray tomographic microscopy 
(XTM), acoustic backscatter, and scanning acoustic microscopy (SAM) techniques. 
The SAM indeed provides an effective and quick alternative to destructive and time-
consuming de-ply and cross-section fractography techniques. The X-ray computed 
tomography (Cn and the X-ray tomographic microscopy (XTM) are also found to 
have a great potential for 3D evaluation of damage in composite laminates. 
There are really only two commonly used destructive methods. The first is 
sectioning followed by polishing and microscopy and the second is the destructive 
dep/y technique. The sectioning and polishing technique is well known and does not 
require further description here. The deply technique was developed especially for 
use with laminated composite materials and is described by Freeman(1982). Briefly, it 
involves marking the damage by using a dye penetrant and then thermally degrading 
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the matrix material so that the material can be separated into individual plies while the 
integrity of each ply is maintained. The areas of delamination can then be identified 
by locating the stained areas. Fibre failure can also be seen to a lesser extent, 
although matrix cracks cannot be seen because most of the matrix material has been 
removed ( Freeman, 1982). 
Cantwell and Morton(1985) compared the results of ultrasonic C-scanning, 
optical microscopy, X-radiography and the de ply technique when used to locate 
impact damage. The ultrasonic C-scan was found to be the most useful for detecting 
delamination damage. Fibre failures and other matrix cracks generally being too small 
to be resolved. The disadvantage of the C-scanning technique was that it only gave 
the in-plane extent of damage and did not identify the through thickness distribution 
(Cantwell & Morton, 1985). However ultrasonic techniques are available which do 
allow an indication of the through thickness distribution of damage to be obtained. 
These techniques and some of the problems involved are described by Stone and 
Clarke(1987). Preuss and Clarke(1988) used a time-of-flight C-scanning system to 
monitor the in-plane extent of delamination to approximately ± 1 mm and the 
through thickness position of damage in a 56 ply laminate to better than ± 1 mm. 
More sophisticated machines are being developed to allow three dimensional images 
of delamination damage to be obtained (Stone and Clarke, 1987). 
The thermal deply techniques was found to be much better for locating fibre 
fractures (Freeman, 1982). It was also found possible to locate the position (both in-
plane and through thickness) and extent of delamination damage. However matrix 
cracks could not be seen because most of the matrix was removed during the de-
plying stage (Freeman, 1982) . 
Cantwell and Morton(1985) found that damage could be studied in more detail 
by using penetrant enhanced X-radiography. An X-ray opaque fluid was introduced 
into the material to highlight the damage. The maximum extent of delamination and 
matrix cracks ( where they frequently extended 10 mm or more) were detected. Fibre 
fractures were more difficult to detect because the damage only extended a few 
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millimetres and was often obscured by delamination damage, both above and below 
the fibre fractures. 
Cantwell and Morton (1985) and Guynn and O'Brien (1985) found that the in-
plane extent of delamination damage measured using both the X-ray and the deply 
techniques was smaller than that measured using the ultrasonic C-scanning 
technique. The reason for this was that unless the damage was well formed there 
was a problem in getting the dye or X-ray opaque fluid to penetrate completely. 
Guynn and O'Brien (1985) suggested that more complete penetration could be 
achieved either by flexing the specimen to open up the cracks while the penetrant 
was introduced or applying a vacuum to assist penetration. For thick specimens (or 
specimens without surface damage) they suggested that a hole (0.04 inches in 
diameter) could be drilled through the impact centre to provide a path for the 
penetrant. 
Cantwell and Morton (1985) found that sectioning followed by optical 
microscopy was capable of revealing delamination, fibre breaks and matrix cracking 
and although destructive considered it to be useful techniques. 
2.3 Compressive Behaviour of Polymeric Composites 
The compressive behaviour of polymeric composite materials has been 
investigated experimentally and analytically by many research workers, more so since 
the identification of such materials as potential candidates for use in aerospace 
structures around the early 1960s. Experimental results from the literature suggest 
that compressive failure of composite plates takes place by fibre microbuckling, which 
is also referred to as fibre kinking (Figure 1 ). 
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2.3.1 Unidirectional Laminates 
Dow and Gruntfest (1960) were the first to associate fibre instability with the 
compressive strength of unidirectional laminates. They suggested that the failure of 
these laminates is due to fibre microbuckling in a similar fashion to the buckling of a 
column on an elastic foundation. 
III 
b) 
Figure 1: Geometry of the fibre microbuckling mode (P = boundary orientation angle; 
cl> = inclination angle; w = kink bandwidth). (a) in-plane mode, (b) out·of-plane mode. 
Rosen(1965) conducted experiment which suggested that the compressive 
failure of unidirectional glass-epoxy composite laminates occurred when the fibres 
buckled in either of two possible micro buckling modes, the extension mode or the 
shear mode. 
Detailed studies by Greszczuk(1973) on the effects of fibre and matrix on the 
compressive strength of fibre reinforced unidirectional composite, found that the 
critical failure mode for composites made with low strength low modulus resin was 
fibre microbuckling. When the stiffness and strength of the resin were increased 
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compressive collapse of the fibres occurred. Initial imperfections in the form of fibre 
waviness Significantly decreased the compressive strength. 
Fried(1963) studied the influence of matrix (polyester, epoxy) and the fibre 
(steel, glass) on the compressive failure of unidirectional compOSite plates. His 
experimental results suggest that the fibres carry the compressive load until the rigid 
matrix yields. Upon yielding the matrix flows and no longer supports the fibres, the 
fibres buckle and the compOSite material fails. 
Failure mechanisms as a function of temperature in carbon-epoxy composites 
were investigated by Ewins and Ham(1973). They suggested that the failure mode of 
unidirectional carbon fibre composites at room temperature was shear failure and not 
microbuckling. The reduction of matrix stiffness and matrix strength allowed the fibre 
to buckle so that the composite strength was determined by matrix properties rather 
than by fibre strength, as observed at temperatures above 100°C, Figure 2 . 
Current carbon fibre-epoxy resin composites such as the XAS/914 system 
tested by Port(1982) and the T800/924C examined by Soutis(1991), see Figure 2, fail 
by microbuckling throughout the temperature range used by Ewin and Ham(1973). It 
was also found that the compressive strength of these systems was only 60% of the 
tensile strength. The difference between the tensile and the compressive strengths of 
unidirectional carbon-epoxy composites has arisen largely by virtue of continued 
improvement in the tensile strength of the fibres, which can be attributed to smaller 
fibre diameters and better fibre processing and surface treatment techniques; the 
tensile strength of the composite is a fibre-dominated property. In comparison resin 
stiffness significantly influences compression strength and currently used materials 
tend to employ resins having lower stiffnesses than those used earlier. One of the 
main reasons for the resin stiffness not being improved is that any significant 
increase tends to produce a more brittle material. 
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Figure 2 : Effect of temperature on the compressive strength of CFRP 
composite( Reproduced from Soutis, 1997). 
2.3.2 Multidirectional Laminates 
The compressive failure of multidirectional laminates has received very limited 
attention, although these laminates are used much more widely in structural 
composite components than the unidirectional ones. Multidirectional laminates for 
aircraft structures are constructed by laying up thin unidirectional plies at various 
angles (usually 0°, 45° and 90°). The 0° plies direction is generally oriented parallel to 
the principal loading axis; the 45° plies provide shear strength and stiffness or 
buckling resistance; and 90° plies give additional strength in the transverse direction 
when required. 
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The compressive failure strain in the axial plies of multidirectional laminates is 
sometimes less than that achieved in unidirectional laminates observed by Ryder and 
Black(1976) and Port(1982). This suggests that the mechanism of failure in the axial 
plies is affected by adjacent of-axis plies. Soutis, et al.(1993) observed that the failure 
strength of multidirectional laminates, which contained 0° outer layers, is less than 
that of plates with ± 45° outer plies. The off-axis layers provide lateral support to the 
0° axial plies and delay the initiation of fibre microbuckling. 
The investigation of failure by fractographic methods is very difficult because 
of the extensive post-failure damage. The release of strain energy from both the 
specimen and the test machine causes a substantial amount of delamination, 
making it difficult to study the relationships between failures in different plies at a 
microstructural level. To study such failures in detail it is necessary to detect the 
initiation of failure and to arrest or control its progress across the specimen. In 
unnotched uniformly stressed plates specimens this is clearly difficult to achieve but 
in plates with holes (notched) the possible locations at which failure may be initiated 
are predetermined. 
Plates with hole have been the subject of a number of investigations. Stames 
et al. (1978) conducted an experiment to determine the effect of circular holes and 
low velocity impact damage on the compressive strength of a 48-ply graphite-epoxy 
laminate. They observed small out-of-plane deformation zones at the edges of the 
hole. These delaminated regions propagated, first in short discrete increments and 
then rapidly at the failure load. They concluded that holes degrade the compressive 
strength significantly; the critical failure mechanism was fibre micro buckling 
surrounded by delamination. 
Potter and Purslow(1983, 1984) carried out compression strength tests on [± 
45/0).0 carlbon fibre-epoxy resin specimens with a single hole under various 
environmental conditions. Their investigation revealed the occurrence of two failure 
modes in the room temperature dry specimens: the stronger specimens failed by in-
plane buckling of the 0° fibres while the weaker specimens by both in-plane and out-
of-plane buckling of the 0° fibres, Figure 1. The failure of laminates under hot-wet 
16 
conditions occurred by out-of-plane microbuckling of the 0° plies. This is because 
elevated temperature and increased moisture content reduced the fibre-matrix bond 
strength. Any weakening in the fibre-matrix interface results in less lateral support for 
the fibres and failure of the laminate due to out-of-plane buckling. 
Rhodes, Mikulas and McGowan(1984) conducted an experimental study to 
evaluate the effect of lay-up, notch size and panel width on the compression strength 
of 48-ply graphite-epoxy laminates with a single hole. The sequence of failure events 
that occurred in the vicinity of the hole was determined by examining plies 
microscopically in several panels loaded to different percentages of the estimated 
failure load. Specimens loaded to a higher percentage of ultimate load had fibre 
kinking (shear crippling) failure in the 0° layers. The authors concluded that fibre 
kinking resulted in specimen failure and was the dominant mechanism associated 
with failure in most of the test panels examined. 
Failure of the open hole composite laminates was by fibre kin king of the 0° 
plies, suggested by Guynn and Bradley(1989) from their investigation on notched 
(hole) compressive behaviour of graphite-epoxy and graphite-PEEK composite 
systems. The damage was initiated at high compressive loads by fibre microbuckling 
in a direction where transverse stiffness is minimal, i.e., into the hole or toward the 
closer unsupported specimen surface (e.g. 0° fibres in the surface plies). The fibre 
microbuckling was followed by the formation of a kink band, the fibre kinking was 
observed in the damage zone in both the X - Y and Y - Z planes, and the kink band 
orientation angle was about 20°. Local delamination accompanied the fibre kinking, 
permitting the fibre displacements and rotations that occur in the buckled zone at the 
hole edges. The kinking zone length at catastrophic failure was shorter for the brittle 
epoxy composite than the ductile PEEK composite and in fact it was difficult to 
measure the length of the microbuckled region in the graphite-epoxy system prior to 
catastrophic failure. 
Soutis, Fleck and Smith(1990, 1991) investigated the compressive behaviour 
of notched T800/924C carbon-epoxy laminates. All specimens failed from the hole in 
a direction transverse to the loading axis. At approximately 75% of the failure load, 
17 
longitudinal splits occurred in the 00 layers at the top and bottom of the hole. These 
splits degraded the transverse stiffness of the laminate by a small amount but had a 
negligible effect upon further damage development and upon the failure load. 
Microbuckling of the 00 plies nucleated at the sides of the hole at between 75% - 80% 
of the failure load and were accompanied by matrix cracking of the off-axis plies and 
delamination between the plies. The microbuckled zone extended for 2 - 3 mm along 
the specimen width before catastrophic failure occurred; its critical length depended 
on the specimen geometry and stacking sequence. The damage zone was most 
extensive in the laminates containing a high proportion of ± 450 plies. 
2.4 Compressive Strength -Theoretical Models 
2.4.1 Unidirectional Laminates 
A number of theories for the compressive strength of unidirectional composite 
laminates have been proposed and these have been reviewed by Shuart(1985), 
Hahn(1986), Haeberle & Matthews(1986), Soutis(1991), Budiansky & Fleck(1994) 
and recently Schultheisz and Waas(1996). It is generally agreed that the observed 
compressive failure stresses can only be explained on the assumption that initial fibre 
misalignments are present. In summary, there is currently no theoretical model which 
accounts for all the factors that affect the compressive failure strength of 
unidirectional fibre reinforced composites. The following are the three commonly used 
models develop by Rosen(1965), Budiansky(1983) and Batdorf & Ko(1987) to predict 
the compressive strength of unidirectional composite laminates. 
2.4.1.1 Rosen Model 
Rosen(1965) assumes that compressive failure takes place by elastic 
microbuckling; the fibres are modelled as slender columns supported by an elastic 
foundation. He recognised that the composite laminate may be a short stiff structure 
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which does not buckle in compression on the macroscale, but the individual fibres 
have small diameters and buckle as thin columns on the microscale. Two possible 
modes were distinguished, the shear mode and the extensive mode. In the shear 
mode of failure, all fibres are considered to be deformed sinusoidally in phase with 
each other, whereas in the extension mode fibres are deformed sinusoidally, but 
neighbouring fibres are 180° out of phase. For composites of practical structural 
interest (fibre volume fraction >20%), the shear mode was shown to lead to a lower 
buckling stress and the theoretical compressive failure stress ere was shown to be 
equal or greater than the shear modulus of the material. 
2.4.1.2 Budiansky Analysis 
Argon(1972) proposed an alternative approach based on a model of 
microbuckling as a plastic collapse event. In this model, fibre kinking occurs in a 13 = 
0° band within which fibres have suffered an initial misalignment angle 4>0' Figure 1 a. 
The fibres are assumed to be inextensible and suffer a remote compressive axial 
stress; the associated deformation within the kink band is given by the additional 
rotations 4> (or shear strain y) of the fibres. In a rigid, perfectly plastic material having 
shear yield stress t" additional rotation 4> cannot develop until the critical compressive 
stress, 
(1) 
and subsequently the compressive stress decreases with increasing 4>. 
The Argon formula, Equation (1), was expanded by Budiansky(1983) to an 
elastic-perfectly plastic composite, to give 
G 
O'c = (2) 
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where yy = (6) is the in-plane shear yield strain, shear yield stress YY• and shear 
modulus G of the composite. This result (still for 13 = 0) reduces to the Rosen 
bifurcation solution (cr. = G) when <1>0 = 0 and is asymptotically equivalent to Equation 
(1) for large <1>0. 
Argon(1972) and Budiansky(1983) models are sensitive to fibre misalignment 
and predit a kink orientation angle, 13 = 0°, which is not in agreement with the 
experimental observation of 13 = 5° - 25°. However, they provide an indication of the 
relative importance of the physical parameters that govern the compressive strength. 
Budiansky and Fleck(1994) using Equation (2) have shown that variations in the 
shear yield stress, Ihy, elastic shear modulus, oG, and initial misalignment, 0<1>0, are 
related to a change Ocr. in the critical stress by 
= ((T,) <5G + (1- (T,) ~ _ (1- (T,) <5 rPo (T, eGG Ty G rPo (3) 
Thus, for instance, if crJG = x., a fractional increase of shear yield stress is 
three times as effective in raising the critical buckling stress as is a similar relative 
change in the shear modulus, and the same is true for a fractional decrease in the 
initial fibre imperfection. Slaughter and Fleck(1993) and Budiansky and Fleck(1994) 
have considered in recent studies the effect of non-zero kink angle (13 *- 0) combined 
remote axial compression and in-plane shear loading, random initial fibre waviness, 
and the plastic strain hardening on the predicted critical stress for microbuckling. 
These models require a knowledge of the shear strength properties, the initial fibre 
imperfection or the spectral density of fibre misalignment and the kink band 
orientation angle, 13, which is a post-failure geometric parameter; 13 is a function of 
fibre imperfection (short-wave or long-wave), the plastic modulus of the laminate in 
the transverse direction, the shear modulus and the kinking failure stress, cr. 
(Budiansky - 1983). 
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2.4.1.3 Batdorf and Ko Model 
Batdorf and Ko(1987) by idealising the composite as a collection of slightly 
misaligned volume elements that fail in the kink mode obtained for the compressive 
failure stress 
00 
'Cf - 'C 
1/10 + Yf 
(4) 
where tl is the shear stress at failure, YI is the shear strain at failure and tOO is the 
applied shear stress. Equation (4) indicates that the compressive strength of the 
composite is the tangent modulus of the material taken at the failure point. For pure 
compression and the elastic-perfectly plastic case Equation (4) reduces to 
Budiansky's solution, Equation (2). To find the compressive strain Batdorf and Ko 
assumed that this quantity is the sum of two components, one resulting from the 
elasticity of the fibres (cr/E) and the other caused by their changing tilt (4)0 + y), i.e. 
E= 
(]' 
+ (4)oY + 0.5/) 
E 
(5) 
where E is the elastic modulus of the laminate in the fibre direction and y is the 
additional fibre rotation. 
Batdorf and Ko(1987) suggested that if the shear stress-strain response (t - y) 
is known then using Equation (4) and (5) the compressive stress-strain (cr - E) curve 
and the strength of the composite can be obtained graphically. 
21 
2.4.2 Multidirectional Laminates 
2.4.2.1 Unnotched Compressive Strength 
The fibre failures of unnotched multidirectional laminates in compression have 
received very limited attention and there is no theory for analysing microbuckling 
failure in these laminates. One way of estimating the compressive failure of a 00 _ 
dominated plate is by determining the failure of the 00 laminate and the elastic 
stiffness of the 00 and ± e plies, i.e., 
N ~"i (j) L... n. E,. 
NEtt ;=1 
(6) 
where Olam is the compressive strength of the laminate, 00 is the strength of the 00 
laminate, n is the number of axial and off-axis plies, N is the total number of plies in 
the laminate, Ell is the Young's modulus of the 00 layers and Exe the Young's 
modulus of the off-axis plies in the loading direction. Equation (6) is known as the 
stiffness-ratio model and for DO-dominated lay-ups makes reasonable strength 
predictions. 
The failure strength of a multidirectional laminate can also be estimated using 
the classical laminate plate theory if it is assumed that the strain in the composite is 
uniform, that the response is linear elastic to failure, and that the failure strain equals 
that of the unidirectional material. The predicted strength of several T800/924C 
laminates using the maximum strain criterion combine with the laminate theory was 
found within 10% of the measured strength (Soutis, Curtis & Fleck, 1993). 
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2.4.2.2 Notched Compression Strength 
Compressive failure from a hole in a multidirectional composite laminate takes 
place by the initiation and growth of a microbuckle from the edge of the hole, Soutis 
and Fleck(1990). This process has been modelled with varying degrees of 
sophistication. Early models assumed that the failure occurs when the maximum 
stress in the structure equals the unnotched compressive strength of the material 
(maximum stress criterion), or that failure occurs when the net section stress in the 
structure equals the unnotched compressive strength (net section stress criterion). 
Nuismer and Labor(1979) applied the average stress failure criterion and Rhodes, 
. Mikulas & McGowan(1984) the point stress failure criterion to predict the strength of 
composite laminates with hole loaded in compression. The stress failure criteria were 
developed by Whitney and Nuismer(1974) for notched (hole or crack) plates under 
uniaxial tension. They introduced a characteristic length by assuming that fracture 
depends on attaining a critical stress (= unnotched strength) at a characteristic 
distance do ahead of the cut-out, or attaining a critical average stress along a 
characteristic distance ao ahead of the notch. The characteristic distance is used as a 
free parameter to be fixed by best fitting the experimental data. 
Guynn compared the microbuckled zone at the edges of a hole in carbon-
epoxy and carbon-PEEK laminates to an equivalent crack containing constant 
cohesive stresses. This analysis predicted the size of the buckled region as a 
function of the applied load, with the constant local stress supported by the buckled 
fibres being an adjustable parameter similar to the yield strength in a Dugdale(1960) 
analysis. This model does not accurately predict the damage growth with applied 
compressive load, because the elastic-perfectly plastic constitutive relationship used 
in the Dugdale model is not an accurate description of material response in the 
microbuckled zone(Guynn and Bradley, 1989). 
To estimate the compressive kinking failure of laminated composites 
containing an open hole a model was developed. It assumes that microbuckling 
initiates when the local compressive stress parallel to the 0° fibres at the hole edge 
equals the unnotched strength of the laminate O'.n , i.e., 
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(7) 
where k, is the stress concentration factor and crW is the applied stress. Damage 
development is represented by replacing the damage zone by an equivalent crack 
(overlapping mode 1 crack), with normal crack bridging compressive stresses that 
drop linearly with crack overlap from a maximum value of the unnotched compressive 
strength, Figure 3. It is assumed that the length of the equivalent crack, I, represents 
the length of the microbuckled. When the remote load is increased the equivalent 
crack grows in length, thus representing microbuckling growth. The progress of the 
microbuckling is determined by requiring that the total stress intensity factor at the tip 
of the equivalent crack, Kt.., equals zero 
Kt.. = Kro + KT = 0 (8) 
where KW is the stress intensity factor due to the remote stress crw, and KT is the 
stress intensity factor due to the local bridging traction T across the faces of the 
equivalent crack. When this condition is satisfied, stresses remain finite everywhere. 
The equivalent crack length from the circular hole is deduced as a function of remote 
stress using the following algorithm. For an assumed length of equivalent crack I, 
solve for crW and for the crack bridging tractions, by matching the crack closing profile 
from the crack bridging law to the crack profile deduced from the elastic solution for a 
cracked body, Newman(1982). 
The cracked body is subjected to a remote stress, crw , and crack face tractions 
T. At a critical length of equivalent crack, le" the remote stress crW attains a maximum 
value, deSignated cre" and catastrophic failure occurs. 
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Figure 3 : Microbuckled zone at a hole and the equivalent crack used to model the 
damage zone. (Reproduced from Soutis, 1997) 
(a) Schematic of compression -loaded specimen with a hole, 
(b) Damage zone (microbuckling and delamination), 
(c) Equivalent crack: normal traction T, closing displacement 2v(Soutis et aI., 
1993). 
The crack bridging model requires the knowledge of the unnotched strength, 
crun , and the compressive in-plane fracture energy, Gc . The area under the curve of 
crack bridging stress versus overlap displacement, Figure 3, represents the total 
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energy Gc dissipated by the fibre micro buckling in the axial plies, and matrix plasticity 
in the off-axis plies delamination: 
Gc = 21 cr (v)dv = cru• Vc 
o 
(9) 
where Vc is the critical crack closing displacement on the crack traction - crack 
displacement curve. For an orthotropic plate in plane stress, the fracture energy Gc is 
related to laminate elastic properties (E, G, v) and to fracture toughness Kc by the 
following formula: 
(10) 
The fracture toughness, Kc , is derived from a separate compressive microbuckling 
(kink) propagation experiment, wherein the in-plane fracture toughness [ Kc = Ycr 
(1ta) 112] of a laminate containing a sharpened long slit (= 2a) is measured, Soutis and 
Fleck( 1990). 
This simple crack bridging model gives an accurate prediction of failure load 
and critical damage length for a range of hole sizes and 0° dominated laminates, it is 
less accurate for laminates which are composed mainly off-axis ("'80% of ± 45°) plies. 
For these 45°- dominated laminates the damage at the edge of the hole is more 
diffuse in nature, and a cohesive zone representation of damage become less 
appropriate. 
2.5 Compression Test Methods 
2.5.1 Introduction 
A composite's tensile strength is mainly fibre dependent, and in recent years 
has seen improvements caused by better fibre treatments leading to increased 
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adhesion to the matrix material. A composite's compressive strength, however, is 
more dependent upon the matrix properties and the test method. The matrix 
properties usually control the failure mode while the test method can lead to 
inconsistencies and scatter in reported data. A compression test method must be 
reliable and reproducible with little scatter present. 
To assess the effect of compressive loading on composite materials three 
compression testing modes are commonly used, 
1) Shear Loading Test Modes, using ASTM 03410 - 87 
• IITRI ( Illinois Institute of Technology Research Institute) fixture. 
• Celanese fixture. 
• Sandwich Beam Method. 
2) End Loading Test Mode, using 
• ASTM 0695. 
3) End Loading Side-Supported Test Mode, using 
• Wyoming End Loaded Test Fixture. 
• CRAG Methods 
2.5.2 Shear Loading Test Modes 
Currently, the shear loading compression test methods are more widely 
recommended than the end loaded methods. The Celanese fixture and IITRI fixture, 
as shown in Figures 4 and 5, are the two shear loaded test fixtures most commonly 
used (Lamothe and Nunes, 1983). 
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Figure 4 : The Celanese compressive test fixture. 
( Reproduced from Lamothe and Nunes(1983» 
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Figure 5 : The IITRI compressive test fixture. 
(Reproduced from Lamothe and Nunes(1983) ) 
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In both methods, the compressive load is applied to the unconstrained length 
of the specimen by shear transfer from the fixture wedges through end tabs. The 
principal difference in the fixtures lies in the configuration of the gripping wedges. 
Because the outside surfaces of the wedges in the Celanese fixture are both curved 
and tapered, a constraint is placed on the user's choice of overall specimen 
thickness. Overall tab bed specimen thickness greater than 4.06 mm will produce line 
rather than surface contact between the conical mating surfaces. When this situation 
occurs, specimen slippage, buckling, and wall friction can result, leading to erroneous 
data(Hofer and Rao, 1977}. 
In the design of the IITRI fixture, this problem has been effectively eliminated 
by a trapezoidal wedge configuration that ensures plane to plane contact between 
the mating surfaces (Lamothe and Nunes, 1983). With the IITRI fixture, a greater 
range of specimen thicknesses can be accommodated. By utilising shim stock 
between the tapered side of the wedge and its mating surface, overall tabbed 
specimen thicknesses from 1.5 mm to 12.7 mm can be tested. 
In both methods the compressive load is introduced by shear, via long end-
tabs, bonded on each compression sample. These end-tabs also prevent brooming. 
The unsupported gauge length is limited in order to preclude Euler buckling. 
Conversely the gauge-length needs to be long enough to allow a transition of the 
state of stress from shear to compression. 
In the sandwich beam method, the beam is loaded in flexure, causing tension 
on one face and compression on the other face. The compression face is made 
thinner so that it will fail before the tension face. The compressive strength measured 
by the sandwich beam method appears to be the same as measured by the IITRI 
fixture and the Celanese fixture(Adsit, 1983}. 
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2.5.3 End Loading Test Modes 
The ASTM D695 standard is for rigid plastics, but has been applied to 
composites. When the samples are directly loaded they often depend upon the fibres 
terminating exactly at the end interface to ensure uniform loading. This is difficult 
because the specimens are often subject to brooming and splitting, which leads to 
non-uniform loading and hence to premature failure resulting from localised stress 
build-up. Results from compressive tests indicated that the compressive strength 
measured using this fixture was lower when compared to other methods and this test 
method is not adequate for high-modulus composite materials(Adsit, 1983). So, 
ASTM D695 is not a recommended method for advanced composites. 
2.5.4 End Loading Side-Supported Test Modes 
Although direct end loading of unidirectional high modulus composites is 
generally undesirable, the Wyoming end loaded side-supported test fixture, as shown 
in Figure 6, is often used(8erg and Adams, 1989). This fixture is attractive because of 
the simple test fixture required, the ease of specimen fabrication, and the Simplicity of 
hygrothermal testing. 
The shear load is introduced by adjusting set screws but in contrast with the 
other end loading mode, the untabbed specimen ends are in direct contact with the 
machine platens. This fixture prevented sample from buckling, brooming and splitting 
of the specimen ends. However, according to Wung and Chatte~ee(1992), crushing 
of the specimen ends occurs leading to low compressive strengths. Care is needed to 
avoid imperfect contact between the specimen and loading platens as this can cause 
stress concentrations. These stress concentrations together with generated 
transverse stresses near the specimen ends, due to local restraint, can lead to 
premature failure. 
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Figure 6 : The Wyoming end-loaded, side supported compressive test fixture. 
(Reproduced from Berg and Adams, 1989) 
2.6 Factors Controlling Compressive Properties of Polymer Composite 
2.6.1. Introduction 
The properties of a composite material are the result of the combined 
properties of the following: 
(a) Fibre or reinforcing element. 
(b) Matrix. 
(c) The interface between the fibre and matrix. 
Studies of the longitudinal compressive behaviour of unidirectional fibre 
compOSites frequently encounter several difficulties associated with the proper 
interpretation of the data, which in general has considerable scatter. The scatter 
results primarily from the various failure modes that can induce compressive failure; 
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including fibre symmetric and nonsymmetric microbuckling, fibre compressive failure, 
and delamination. The difficulties are compounded because compression testing is 
sensitive to such factors as: 
- Euler buckling. 
- Specimen misalignment in the test fixture. 
- Fibre misalignment in the specimen. 
- Bending and stretching coupling in the laminate. 
- Moisture present in the laminate. 
- Void content of the matrix. 
- Fibre volume fraction. 
- Type of fibre reinforcement. 
- Type of testing fixture. 
- Fibre coupling agents. 
- Specimen dimensions. 
- Gauge length. 
2.6.2 The Influence of Test Methods 
Composite compressive strength is found to be more dependent on matrix 
properties and test method unlike tensile strength which is fibre dependent. The 
matrix properties and pre-existing manufacturing defects control the failure mode in 
compression. 
Compression strength of Fibre-Reinforced Plastic (FRP) Composites is one of 
the most difficult intrinsic composite material properties to measure. The results are 
often dependent on matrix properties and test conditions(Catherall, 1973), (Chawla, 
1987). Several papers have discussed test methods for evaluating the compressive 
strength of unidirectional composites. 
Higher rates of loading did produce a slight increase in the matrix yield 
strength and modulus, as found by Piggot and Harris(1980, 1981), however they 
33 
concluded that the increases were too small to affect the composite compressive 
strength significantly. 
At present, there is no generally accepted intemational standard test method 
for obtaining the ultimate compression strength of a FRP composite. Test methods 
and fixtures such as the TEI (Texaco Experiment Inc.) compression fixture, the Royal 
Aircraft Establishment (RAE) fixture, the Composite Research Advisory Group 
(CRAG) jig, the sandwich stabilised fixture(which incorporated some of the best 
features of both the sandwich beam and the TEI fixture), the Narmco test 303 jig, the 
Federal test fixture, the IITRI (Illinois Institute of Technology Research Institute) 
compression fixture, the ASTM D 695 and D 3410 test fixtures and the modified 
Celanese jig are widely used. 
Compression testing methods for composite materials usually employ either 
shear loading or end loading to apply the compressive load to the specimen. The 
specimen loading method has a pronounced effect on the measured ultimate 
compression strength of a composite material, being especially noticeable in 
unidirectional carbon/epoxy composites. 
Woolstencroft et al.(1981) conducted both Celanese (shear loading) and 
Modified ASTM D695 (end loading) tests on a unidirectional Courtaulds XAS carbon 
fibre-reinforced Ciba-Geigy Fibredux 914C epoxy resin. The compression strength for 
the end loading method was found to be 12% higher than for shear loading method. 
Although the specimens for both loading methods had the same thickness of 2.0 
mm, the tab materials, tab taper angles, gauge lengths and width of the specimens 
were all different. 
Westberg and Abdallah(1987) tested an AS4/3501-6 carbon fibre/epoxy 
unidirectional composite material with a thickness of 1.06 mm, employing both IITRI 
(shear loading) and Modified ASTM D695 (end loading) methods. The compressive 
strength for the end loading was found to be 33% higher than for the shear loading. 
The only difference between the two specimen configurations was that the end 
loading specimen had a width of 12.7 mm and the shear loading specimen a width of 
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25.4 mm. Based on other further studies they stated that the compressive strength 
did not show a strong dependence on specimen width. 
Adams and Lewis(1991) conducted a detailed experimental study of loading 
for both methods, IITRI (shear loading) and Modified ASTM D695 (end loading). In 
their study, both the shear loading and the end loading specimens had a short gauge 
length of 4.8 mm. Their first set of results, for a 0.9 mm thick S2/3501-6 glass 
fibre/epoxy unidirectional composite material, did show that the end loading method 
yielded a 20% higher compressive strength. However, for their second and third set 
of results for the AS4/3501-6 carbon fibre/epoxy unidirectional composite material, 
with thicknesses of 2.6 mm and 1.0 mm, respectively, no significant different in 
compressive strength between the two loading methods, was shown. 
In experimental work by Kessler and Adams(1993), an IM7/8551-7 carbon 
fibre/epoxy unidirectional composite material was tested using both the IITRI and the 
Modified ASTM D695 test methods. The thickness for the shear-loaded and end-
loaded specimens were 2.0 mm and 1.3 mm, while the gauge lengths were 12.7 mm 
and 4.8 mm, respectively. They found that the compressive strength for end loading 
was 16% higher than for shear loading. 
Xie and Adams(1995) studied the effect of loading methods on compression 
testing of unidirectional composite materials using a three-dimensional finite element 
analysis. The stress distributions within a compression specimen subjected to each of 
three different loading methods (shear, end and combined) were investigated. It was 
found that the shear loading method yielded the most severe stress concentration at 
the tip of the specimen, while end loading yielded a high shear stress concentration 
at the loading end of the specimen. The combined loading method was found to be a 
good compromise, reducing the stress concentration at both the tab tip and the 
loading end of the specimen, when compared to shear loading and end loading 
methods, respectively. However, it was stated that if the end crushing problem could 
be overcome, available experimental results show that the end loading method 
generally yields slightly higher compressive strengths for unidirectional composites 
than the shear loading method. 
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Specimen alignment during testing affects the compression properties(Piggot, 
1981, Harper, Miller and Yap, 1993, Edwins, 1971). Hence, specially designed jigs for 
compression fixtures, such as the IITRI, to improve specimen alignment can lead to 
an increase in the compression strength. 
The higher compressive strength obtained when using the Celanese jig was 
believed to be due to better specimen alignment and increased rigidity of the test 
fixture, which reduced specimen initiated bending(Harper, 1990, Harper et aI., 1993). 
2.6.3 The Type of Reinforcing Element 
Some fibres have quite anisotropic characteristics. Kevlar, in particular, has 
rather poor strength properties in compression compared to those in tension(Berg 
and Adams, 1989). 
Norita, Kitano & Noguchi(1988) showed that for fibres with a low shear 
modulus or high anisotropy low fibre compressive strengths and hence low composite 
compressive strengths were obtained. 
Hahn and Williams(1986) found that the tensile modulus was higher than the 
compressive modulus. They suggested that this was partly because of the lower fibre 
modulus encountered in compression. Also, during tensile testing the fibre are self 
aligning, often referred to as strain hardening, along the test direction, whereas, 
initially imperfect aligned fibres will grow in number during compression testing. 
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2.6.4 The Matrix Properties 
Piggot and Harris(1980) studied the effect of varying the degree of cure of 
thermosetting matrix composites on the matrix moduli and strength. They looked at 
pultruded rods with a fibre volume fraction of 0.3 using a polyester matrix. They found 
that the compressive strength was strongly affected by the matrix properties, the 
compressive strength increasing when the matrix yield strength was increased. For 
soft matrices the compressive strength followed a power relationship. When the 
matrix yield strength exceeded a critical value the strength levelled off (0.31 fibre 
volume fraction) or decreased (0.55 fibre volume fraction). This change was 
attributed to a change from matrix to interface control. They also found that the 
composite strength was similarly related to the matrix modulus. 
The compressive strength of the composite is dependent on the ability of the 
matrix to suppress buckling. Fibre buckling will be inhibited to a greater or lesser 
extent depending on the resin modulus. This dependence of the compressive 
strength on the resin modulus has been noted by several authors(Hahn and Williams, 
1986). 
The difference in the compressive strengths of thermoplastic and thermoset 
matrix composites is partially attributed to the matrix shear modulus(Hahn and 
Williams, 1986). Johnston and Hergenrother(1987) believed that the reasons for the 
observed discrepancy were due to the poor interfacial properties, fibre misalignment 
or fibre damage. 
2.6.5 The Interfacial Properties 
The fibre-matrix bond can be broken by mechanical loading or by thermal 
expansion or contraction during processing as a result of residual stresses. This type 
of damage may be reduced by using coupling agents of a relatively low modulus. 
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High modulus coupling agents can cause brittle interfacial failure due to these internal 
stresses(Michiels, 1993) 
The effect of the interface has been studied by several authors in the past 
who all showed that good interfacial properties gave a higher composite compressive 
strength and is more pronounced for high fibre contents{Lee, 1987, Orringer, 1971). 
The fibre-matrix interface transmits the stresses from the matrix to the reinforcing 
fibres. Improving the compatibility between fibre and matrix affects the load carrying 
ability of the composites, a good interfacial bond is thus essential(Martinez et aI., 
1981, Gill, 1972). Coupling agents are incorporated to improve interfacial adhesion. 
Merall( 1970) stated that a high fibre-matrix bond strength is desirable to allow 
stress transfer between the matrix and the fibres without debonding. The interfacial 
bond between fibre and matrix is the key element to consider when attempting to 
increase resin dominated composites properties. 
Hancox(1975) and Hayashi(1982) also showed that the interface had a direct 
effect on the compressive strength. Hayashi(1982) assumed that the fibres were not 
perfectly straight initially. He suggested that in compression the convex side of the 
fibre pushed against the matrix and the concave side exerted a corresponding pull. If 
the adhesion at the interface was poor, separation could take place on the concave 
side, leading to splitting and ultimately to a buckling induced failure mechanism. 
Poorly bonded fibres debond at fairly low stress according to 
Greszczuk(1972). This reduces the shear modulus and hence the microbuckling 
stress of the composite when compared to well bonded fibres. 
Thermoplastic composites with similar matrix moduli to thermosetting 
composites often exhibit a lower compressive strength. This is not fully understood 
but it is believed that one of the reason contributing to this discrepancy may be due to 
the poor interfacial properties of the forrner(Johnston and Hergenrother, 1987). 
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The interiaminar shear test (I LSS) is often used to evaluate the fibre to matrix 
interface in unidirectional composites of similar fibre volume fractions, the ILSS 
increases when improvement in bonding between fibre and matrix(NASA, 1983). 
2.6.6 Test Specimen 
The anisotropic nature of composite materials makes the preparation of test 
specimen another area of concern. Three particular points must be considered in the 
design of a compression test specimen as suggested by two authors(Hahn and 
Williams, 1986, Hull, 1981). They are end splitting or brooming of the specimen, 
buckling of specimens and load alignment problems. 
Brooming is overcome easily by designing a system in which the ends of the 
specimen are gripped. If free-standing specimen between two platens are used, then 
the ends of the specimen must perfectly flat and square. Compression wedge grips 
and end tabs bonded over the end of the specimen an alternative system at the 
present. 
Axial misalignment is another problem which can lead to an underestimate of 
the compressive strength as reported by Curtis and Morton(1982). Rehfield et 
al.(1985) mentions the importance of alignment in order to control load eccentricity 
and the resulting bending moment which may cause premature failure. Loading 
eccentricities might be one of the factors contributing to the apparent weakness of 
laminates in compression compare to tension(Curtis and Morton, 1982). Lee(1987) 
pointed out that in order to reduce possible misalignments a close control of the 
bond-line thickness of the end-tabs is required to ensure that the end-tab surfaces 
are flat and parallel to a high tolerance. Even the use of packing shims inserted in the 
testing machine to ensure that the platens are parallel may be helpful. 
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2.6.7 Thennohumidity 
In a service environment, fibre reinforced composite structures will be 
exposed to ultra-violet radiation, lightening strikes and atmospheric moisture and 
consideration must be given to their effect on the mechanical properties. The 
advantages of fibre reinforced polymer composites are well known but one major 
disadvantage is that they absorb moisture directly from the atmosphere which can be 
between 1% and 10% by weight depending on the chemical composition of the resin 
matrix(Chawla, 1987). Reinforcing the polymeric resin with fibres does not prevent 
such moisture absorption from occurring. One of the effects of this moisture 
absorption is a decrease in the mechanical properties of the composite. 
It has been concluded that both water and solvents have a plasticizing effect 
on the resin which not only reduces the glass transition temperature of the resin but 
also the resin modulus and strength(Chang and Wu, 1986). The strength properties 
that are dependent upon matrix properties such as compressive strength, interlaminar 
shear strength etc. will suffer most degradation. 
2.6.8 Internal Defects 
The presence of voids in composite materials is an unavoidable fact, due to 
their own nature and to the processing methods. Hancox(1975) stated that voids 
caused from residual solvents or by entrapped air during curing, reduce the 
interlaminar shear strength (lLSS) of composites markedly and hence, reduce the 
compressive strength. 
Suarez et al.(1993) observed that for a 1 % void content only 90% of ideal 
strength remained in CFRP speCimen, and for 4% the strength was only 60%. So a 
decrease of 10% in compressive strength for each 1% of void content was estimated. 
For higher void contents, residual strength became stabilised and did not fall under 
50% of ideal compressive strength. 
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The effect of fibre misalignment on the compressive strength was studied by 
Wisnom(1990). Small misalignments can arise at several stages: manufacture of the 
laminate (especially for wet lay-up), cutting of the test specimens or alignment within 
the test fixture, or even defects existing within the prepreg tape as bowed or 
misaligned fibres. Fibre misalignment is often difficult to avoid. Small fibre 
misalignments, of less than one degree between the loading axis and the fibre 
direction, have a marked effect on the compressive strength. 
2.7 Compression After Impact Test (CAI Test) 
As the title suggests the compression after impact test is divided into two 
parts. The first part is a low velocity(also known low energy) impact designed to 
induce a low level of impact damage in the composite material. In the second part of 
the test the residual compression strength (or strain to failure) is measured in a 
direction perpendicular to the impact direction. Ideally tests should be carried out over 
a range of impact energies. However, it is common for materials to be tested and 
compared at only one impact energy. 
It is important . to distinguish between resistance to damage and damage 
tolerance. The impact test can be used to assess the resistance of a material to the 
initiation and propagation of damage and therefore not a damage tolerance test. The 
compression after impact test is a damage tolerance test because it measures the 
effect of impact damage on the compression strength of the material. 
Carbon fibre-reinforced polymers have been used to achieve substantial 
reductions in the structural weight of both military and commercial aircraft. These 
materials have several properties which make them suitable for use in these 
structures, for example: high specific stiffness and strength, good fatigue properties 
(at least in tensile loading), good corrosion resistance and good forrnability. However, 
the susceptibility of these materials to damage resulting from low energy impacts (for 
example , from dropped tools, runway stones or hailstones) is a major problem. 
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Intemal damage, in the form of delamination, can be sustained with little or no 
extemal evidence of damage but may cause large reductions in residual compression 
strength(Baker et al., 1985). 
One of the principal goals of the materials suppliers has been the 
development of more damage resistant and damage tolerant materials. Much of the 
effort has been directed towards increasing the toughness of the matrix material and 
producing fibres with higher strains to failure. An essential tool for such materials 
development is the availability of test methods that can provide data appropriate to 
the properties in question. One test that has been widely used to assess the 
effectiveness of the developments is the compression after impact (CAI) or post-
impact compression strength (PICS) test. This test provides a method of ranking 
different materials. 
Some recommended test methods that are currently in used are: 
• NASA(1982) RP-1092-ST1 (4,27 KJ/m or 960 in. Iblin impact). 
• Boeing(1982) BSS 7260 (6.67 KJ/m or 1500 in. Iblin impact). 
• CRAG(Curtis, 1988) - Mass as required. 
• SACMA(1988) SRM 2-88 ( Weight is nominal 5 kg or 11 lb. impact). 
The available test methods are very similar in essence although they differ 
considerably in detail; the NASA, Boeing, CRAG and SACMA tests are compared in 
Table 1. 
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Table 1 : Comparison of testing conditions for Compression After Impact Tests. 
Materials Impact Compression 
Test Thickness 1 lay- Specimen size Loading rate 
up 
NASA 6.35 mml Tup012.7 mm h - 254 - 317 mm End loading 
(+45/0/-45/90) Mass 4.5 kg w= 178 mm 1.27 mmlmin 
Drop height 0.63 m (Trim w to 127 mm 
Energy 28 J after impact) 
Support 127 mm 
sq. (clamped) 
Boeing 4-5 mm Tup 015.75 mm h = 152 mm End loading 
(-45/0/+45/90) Mass 4.6 to 6.8 kg w=102mm 0.5 mmlmin 
Energy as required. (Cut to size and 
Support 127 x 76 measure before 
mm. (Clamped at impact) 
four points) 
CRAG 3mm Tup010mm h = 180 mm (min) End tabs 
(+45/-45/0190) Mass as required w= 50mm recommended but 
Drop height 1 m (Cut to size after other end grips 
Energy as required impact. Damage acceptable. 
Support 0 100 mm width not to exceed Achieve 
Clamp 0140 mm 40 mm) failure in 30-90 
sec. 
SACMA 4.6- 5.6 mm Tup 015.75 mm h = 152 mm End loading 
(+45/01-45/90) Weight 5 kg w=102mm 1.3mm/min 
Energy 6.7 J/mm 
thickness. 
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While all of these tests would be expected to give the same ranking for a set 
of materials, the absolute values of residual strength after impact at a particular 
incident energy vary from test to test(Prichard and Hogg, 1990). This is due to 
specimen geometry effects, during both the initial impact and subsequent 
compression testing. The CAI tests are expensive to perform, mainly because they 
tend to use relatively large and thick coupons which require large quantities of 
material, expensive machining and high capacity test equipment. 
Despite its widespread industrial acceptance, the merits of the CAI test are 
still the subject of some debate. The test was designed to provide a method of 
screening materials, both for development and selection purposes. It is important to 
note that the test does not generate design data. This is because it is difficult to 
relate the results of tests on small coupons to the response of a larger 
structures(Sjoblom and Hwang, 1989). 
Type of impactor and impact test fixture material will effect the CAI strength. 
Test fixture material.has a large influence on the amount of impact energy absorbed 
by the test specimen, and the energy absorbed is found to be a critical factor in CAI. 
A study has shown that in BSS 7260 the wood in the fixture, allows a portion of the 
impact energy to be transferred to the specimen fixture. This transfer decreases the 
impact energy that the test specimen absorbs. Consequently, specimens tested with 
a wood fixture absorb less of the impact energy than when a steel fixture is used. 
Thus, specimens tested with wood fixtures suffer less damage and higher CAI 
values(Prandy et aI., 1991), as shown in Figure 7. 
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Figure 7: Wood fixture gives higher CAI than Steel fixture. 
( Reproduced from Prandy et al., 1991 ) 
Tanaka et al.(1994) observed the effect of the material of the support fixture 
for the impactor. The steel support fixture gave about 20% larger damage area and 
resulted lower CAI strength than the AI/plywood support fixture. They also 
investigated the relationship between small scale CAI and larger scale (standard type 
- NASA and SACMA) test results on epoxy matrix CFRP. A reasonably good 
relationship was found between the results by small scale and the standard type 
tests. 
It should be mentioned that smaller specimens are desired for the standard 
because accumulation of the data is required for development of materials and 
design bases. Various type of small scale test methods have been reported by many 
researchers. Small scale test of modified SACMA type and Boeing type were used by 
Lee(1986), Akay(1988)and Prichard and Hogg(1990), and with added grip type tests 
were reported by Curtis(1988), Awa and Padmanabha(1984), Sjoeblom and 
45 
Hwang(1989), Cantwell et al.(1986) and Gerharz and Ideiberger(1991). These are the 
likely candidates of the future small scale standard. 
The tests using the Soeing-type fixture yielded rather low compression 
strengths for undamaged and low-energy impacted Prepreg 913 carbon fibre 
specimens. Wolf and Horoschenkoff(1994) found that these results are due to 
premature compression failure caused by global buckling. This effect can be avoided 
by applying additional buckling guides that support the specimen faces, as shown in 
Figure 8. However, such supports have to be used carefully in the presence of grater 
impact damage since local buckling and propagation of delaminations may be 
restrained. 
CAI test results were compared among the three different compressive 
methods, i.e. the SACMA, CRAG and smaller coupon specimens. The results 
obtained by Kimpara et al.(1998) indicates approximately the same level of CAI 
strength, which suggests that the results do not depend much on the testing methods 
and the specimen size. 
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Figure 8: Compression strength of laminate 913C specimens against impact energy. 
(Reproduced from Wolf and Horoschenkoff - 1994) 
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2.7.1 Effect of Material 
The CAI test was specifically designed to compare the performance of 
different materials, and so one may have expected, some understanding of the effect 
of different material parameters to have emerged. 
Improvement in the toughness of composite materials have traditionally been 
sought in order to improve the damage resistance and tolerance of composite 
materials. In general these toughening methods have also been found to improve the 
residual strength of these materials. Composites with epoxy matrix materials are 
often taken as base-line materials against which improvements are measured. 
Brandt and Wamecke(1986) found considerable improvements in residual 
compression strength when toughened epoxy was compared to a standard epoxy. 
Figure 9 shows the residual compression strength of the two materials plotted as a 
function of impact energy. Improvements in residual compression strength for 
toughened epoxy matrix materials have been reported by several other authors ( 
Manders et al.(1986), Griffin(1987), Lee et al.(1988), Recker et al.(1989) and Morton 
et al.(1989) ). 
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Figure 9: Typical results of Compression After Impact tests. 
(Reproduced from Brandt et al.(1986) ) 
Significant improvements in residual compression strength were also reported 
by Brandt et al.(1989) when woven fibre forms were used for carbon fibre 
composites. Three dimensional fabrics were found to have higher residual 
compression strength than two dimensional fabrics. While the reinforcement in the 
through thickness dimension improves the resistance to damage and damage 
tolerance this must be balanced against the corresponding loss in the in-plane 
properties. Improvements in residual compression strength were not found to be 
significant when the results of tests on 2-D and 3-D reinforced glass fibre composites 
were compared(Brandt et aI.1989). The authors state that glass fibre reinforced 
composites already have good damage tolerance and the effect of reinforcement in 
the through thickness direction is therefore limited. 
The strain to failure of carbon fibres has also been identified as an important 
parameter affecting the residual compression strength. Cantwell et al.(1986) 
compared the residual compression strength of carbon fibre reinforced epoxies. One 
was reinforced with high strength fibres (1.14 % strain at failure) and the other with 
high strain fibres (1.53 % strain to failure). The residual compression strength of the 
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material reinforced with high strain fibres was 30% greater than the material with the 
high strength fibres. 
The use of tough matrix materials and fibres with high failure strains as routes 
to improve the residual compression strength of composite materials have been 
successful. However, simply choosing fibres with high strains to failure and tough 
matrix materials does not necessarily translate into a tough composite(Curtis, 1987). 
2.8 Matrix Resin Systems 
There are many resin systems used today in the manufacturing of fibre-
reinforced composites. The major ones used in production of advanced structural 
composites are shown in Table 2. The choice of system for a given application is 
often a compromise between the best properties available. 
Table 2: Major matrix resin systems used today. 
Matrix Service Temperature °C 
Epoxy - 120°C curing about 100 
Epoxy - 180°C curing about 130 - 150 
Bismaleimides about 200 
Polyimides/PMR 15 type about 270 
Themoplastics various, about 120 - 150 
2.8.1 Epoxy Resin Systems 
These thermosetting resins are by far the most widely used matrix systems for 
advanced structural composites and they account for more than two thirds of the 
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present aerospace market(Stratmann, 1987). Because they are well established there 
is a wide choice of systems which consist of epoxy resins and a curing agent or 
hardener. Such materials range from low viscosity liquids to high melting point solids. 
They can be readily formulated to give good products for the manufacture of prepreg 
from both the solution or hot-melt techniques. Also they lend themselves to easy 
modification such as the addition of polymeric toughening agents ranging from low 
molecular weight liquid rubbers to high molecular weight thermoplastics. 
Epoxy matrix systems can be formulated to give prepregs that possesses 
good drapeability for the manufacture of contoured components, and with excellent 
tack which is essential for the lay-up process. They are hydrolytically stable and 
exhibit relatively low shrinkage on cure with no evolution of volatiles. Typical cure 
cycles for epoxy-based systems are one hour at 120· C to two hours at 180· C. As a 
result of their properties, epoxy formulations can be tailored to give both uncured and 
cured properties which satiSfy most applications, and they cover the most important 
temperature ranges used. 
The chemistry of epoxy resins is well established and much is known about 
their characteristics(Lee and Neville, 1967, Lovell, 1990). Some of the most important 
resins used in composites today are N glycidyl derivatives of 
diaminodiphenylmethane and p-aminophenol, and aromatic di- and polyglycidyl 
compounds of bisphenol A, bisphenol F, phenol novolacs and tris ( p-hydroxyphenyl ) 
methane. These, together with a wide variety of available curing agents give an 
excellent selection of materials with which to formulate. The types of crosslinking 
reactions that they can undergo have an effect upon the matrix properties and upon 
the mechanical properties of the composite component(Green, 1990). 
One of the most important monomers used in the formulation of epoxy 
systems is the tetraglycidyl derivative of diaminodiphenyl methane illustrated in Figure 
10, which has been well characterised, and indeed improved lower viSCOSity versions 
have been synthesised(Green, 1990). This epoxy resin when used in conjunction with 
4,4'- diaminodiphenyl sulphone, illustrated in Figure 11 and an accelerator, forms one 
of the most widely used systems. It does, however, have low viscosity and a relatively 
50 
short tack life. By formulation with a more latent hardener system and high molecular 
·weight additives it is possible to obtain better tack and shelf life, improved control 
over flow during processing and increased toughness of the final component. 
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Figure 10: Tetraglycidyl derivative of DDM 
Figure 11 : Diaminodiphenyl sulphone. 
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Above about 140·C the performance of the current epoxy systems begins to 
fall quite rapidly. If one bears in mind, however, that compression and tensile 
performance fall more slowly than the interlaminar shear strength, one can say that, 
taking into account the greater brittleness of other thermosetting matrix systems, 
140·C is probably a reasonable temperature limit below which epoxy resin systems 
possess a more balanced range of properties, and above which other systems may 
become a necessary choice in some critical structural applications. 
2.8.2 913 Prepreg 
913 Prepreg is manufactured by Hexcel Composites Ltd. (formerly known as 
Ciba Geigy Ltd.) and for this work was supplied as a part cured epoxy resin 
preimpregnated into carbon and glass. Its usefulness is that it allows the moulding of 
high volume fraction good quality laminates with excellent environment and 
mechanical properties. 
The resin system of the 913 Prepreg is known to contain two epoxy resin 
types. The two epoxy resins are Tetraglycidyl methylene dianiline (TGMDA) and 
Diglycidyl ether of Bisphenol - A (DGEBA). The epoxy resin is a combination of 50-
60 % by weight of TGMDA portion and of about 10 - 20% by weight the DGEBA 
portion. The second component of the 913 Prepreg known as Diuron of about 2 - 8% 
by weight act as an amine accelerator. The name or chemical nature of the third 
additive has not been made available to Loughborough University. There is little or no 
reaction with the 913 Prepreg at room temperature but full cure is rapidly reached at 
elevated temperatures. 
Epoxy Prepregs may be classified into two types depending upon their cure 
temperature. Prepregs based upon systems that cure around 120·C have glass 
transition temperatures about 100 - 150·C and typical applications include the vertical 
tail fin box of the Airbus A310 civil airliner, and the rotor blade of the Westland Sea 
King helicopter. Prepregs based upon epoxy systems that cure around 180· C have 
glass transition temperatures of about 180 - 220·C and are .capable of operating at 
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higher temperatures. Such prepregs have been used to fabricate wings and fuselage 
sections of jet aircraft, and engine cowlings of civil aircraft. 
2.9 Environmental Effects On Fibre Reinforced CompOSites 
2.9.1 Introduction 
During its service lifetime a composite material comprising a fibrous 
reinforcement and an organic resin matrix will be exposed to ultra-violet radiation, 
temperature, atmospheriC moisture, lightening and chemicals from it surroundings. All 
materials are effected by such influences although in some cases it can take years 
for the signs of attack to appear. 
Epoxy fibre reinforced composite materials have to survive in a range of 
different environments of mOisture, temperature and loading in different parts of the 
world, at different altitudes and for different performance envelopes. Moisture can 
very from relative humidities of 0 to 100 %. Temperatures in the range of - 40°C to 
70°C are common during flight for helicopter and civil aircraft and they can reach up 
to 90°C on the runway. Supersonic fighters require skin materials to survive 
temperatures up to 130°C, and even higher for applications in areas near to the 
engines. 
Mechanical properties of fibre reinforced composite materials are often 
determined by their resistance to thermohumid environments which in tum are mainly 
influenced by the matrix properties. A small amount of moisture can have a large 
effect on the tensile strength of the composite. In an environment of 60% relative 
humidity at 25°C for a period of forty days a Ciba-Ceigy Firedux 913 glass 
preimpregnated composite gained only 0.14% in weight due to the moisture 
absorption but its tensile strength dropped to 91.8% of its dried value(Harper, 1990). 
53 
2.9.2 The Effect of Thermohumid Conditions On The Matrix 
In composite materials the role of the polymeric matrix is two-fold :. protection 
of the fibres against environmental attack and a load transmitting medium. With an 
inorganic reinforcing fibre the amount of water absorbed will depend primarily upon 
the chemical nature of the resin matrix and the environment to which it is exposed. 
Water molecules diffuse into organic polymer materials and become attached 
by hydrogen bonding to polar groups such as hydroxyl and amine groups. This 
causes an expansion of the molecular network, depending on the cross-link density, 
and a swelling of the resin(Hahn and Kim, 1978, Wright, 1981). In some cases voids 
are produced in the resin. 
Water penetration of the matrix takes place by the following 
mechanism(Delasi, 1978) : 
a) Through the resin (absorption and diffusion). 
b) Through the fibre-matrix interfaces (capillary). 
c) Through cracks and voids in the composite. 
The capillary mechanism is much more prominent than its diffusional counterpart. As 
for the third mechanism, its contribution depends mainly on the size and distribution 
of the cracks and voids. 
The water will cause plasticisation of the resin and reduces the glass transition 
temperature Tg between the glassy state and the rubbery state. The water also 
reduces the stiffness of the resin and causes it to swell. 
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2.9.3 The Effect of Thennohumid Conditions on Epoxy Resins 
Most aerospace applications use fibres in polymeric matrices, usually epoxy 
resin. The polymeric matrix will absorb moisture directly from the atmosphere. 
Reinforcing the resin with fibres does not prevent such moisture absorption from 
occurring. 
Water absorption by epoxy resins depends on their chemical structure, in 
general the more polar the polymer the larger the amount of water absorbed. Cured 
epoxy resins when immersed in water absorb several weight percent, the amount 
being a function of the structure of the resin and the type of hardener used to effect 
cure(Bonniau and Bunsell, 1981). Polyamide cured resin absorbs nearly four time as 
much water as the anhydride-cured resin(Rashid, 1978). It has also been noted that 
for resins cured with polyamide or pthalic anhydride the water absorption is not 
reversible even at modest temperatures. Water absorption by the diamine-cured 
resins is reversible. 
One of the more extreme environmental conditions experienced by an epoxy 
composite matrix occurs during a supersonic flight of a fighter aircraft. The aircraft 
may dive from high altitudes (where the outer skin temperature is - 20 to - 50·C ) into 
a supersonic, low-altitude, run during which aerodynamic heating raises the outer 
skin to 100 - 150·C , in a matter of minutes. The outer skin temperature thus drops 
extremely rapidly at the rate of about 500·C/min. upon reduction of speed , thus 
exposing the epoxy composite to a thenmal spike. There is evident that these thenmal 
spikes cause irreversible damage which on subsequent exposure to moisture 
produces increased moisture uptake(McKague, 1978), and increased swelling, which 
does not follow the usual linear increase with moisture content. At temperatures near 
Tg the polymer molecular network relaxes, allowing more room for water molecules 
and more rapid diffusion. On cooling below Tg, moisture may become trapped at 
certain sites in the resin or at the fibre/resin interface causing high local stresses and 
microcracking(Delasi, 1978). 
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2.9.4 The Effect of Thermohumid Conditions on Fibres 
In glass and carbon fibre composite the majority of water is absorbed by the 
resin matrix. Carbon fibres are inert to most environments except high temperature 
oxidising atmospheres. Ceramic fibres such as glass are sensitive to surface 
microcracks and can lose strength in corrosive media 
The present of liquid water on an untreated glass surface can lead to stress 
corrosion(Dorey, 1980). This is caused by the water leaching alkali salts out of the 
glass. The presence of a protective coating on the fibre does not totally prevent 
attack. The degradation of glass fibres by moisture attack occurs in three stages: 
The first stage of attack consists of the following chemical reactions, with the sodium 
ions migrating outward: 
Si - 0 (Na) + H20 = Si - OH + Na+ + OH· 
During the second stage the OH· ions disrupt the strong siloxane bond ( the main 
structural backbone of glass), producing a Si-O- molecule: 
Si - 0 - Si- + OH- = Si - OH + Si - O· 
which in tum decomposes another molecule (the third stage, a repetition of the first): 
Si - O· + H20 = Si - OH + OH· 
Consequently an alkaline medium is created, with the OH" concentration being 
equivalent to that of the released Na+. This in tum gradually raises the pH level. 
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Carbon fibre reinforced plastics are much less susceptible than glass 
reinforced plastics, to attack by moisture at the fibre/resin interface, partly because of 
the chemical inertness of the carbon, and partly because of the stronger fibre/resin 
bond. Impurities, such as sodium left from the manufacturing process, can cause 
problems but with suitable washing precautions these can be avoided. 
2.9.5 The Effect of Thermohumid Conditions on CompOSite Properties 
Moisture and temperature may affect the performance of compOSite materials, 
such as tensile strength, shear strength, elastic moduli, fatigue behaviour, creep, 
swelling (dimensional changes) and electrical resistance. The absorption of moisture 
in humid environments at room temperature is in general a reversible process and 
with most advanced compOSites there is no degradation in room temperature 
mechanical properties(Wright, 1981). Because moist resins soften at elevated 
temperatures, resin dominated strengths and stiffnesses are significantly less at 
these temperatures, than those for dry composites. 
Certain combinations of temperature and moisture, particularly when a 
component is stressed, can produce microcracking in the resin or at the fibre/matrix 
. interface which will degrade the mechanical properties even at room temperature. For 
instance 15% to 60% loss of interlaminar shear strength can be expected at room 
temperatures and moisture contents expected in service(Dorey, 1980). In 
compression, the fibres rely on the matrix to provide the support necessary to prevent 
fibre buckling ; under hotlwet conditions the resin softens and the compression 
strength is reduced. In flexure since the compressive strength is reduced under 
hotlwet conditions, the flexure strength shows a 'similar trend(Browning et aI., 1977) 
and exhibits compression face failures. 
It has been suggested that the effect of moisture and temperature on resin 
properties and resin dominated composites properties can be generalised(Chamis et 
aI., 1978) into a simple algebraic expression for incorporation into available 
composite micromechanics equations: 
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Wet resin mechanical property at test temperature 
Dry resin mechanical property at room temperature 
= [T' _ T]"2 
T, - To 
Where T. is the glass transition temperature of the wet resin, T is the test 
temperature and To is 273°K. This kind of relationship is suggested for unidirectional 
flexural strength, in-plane shear strength, in-plane shear modulus, transverse 
modulus and matrix tensile strength. 
2.9.6 The Influence of Thermohumid Conditions on Compressive 
Properties 
Potter and Purslow(1983, 1984) carried out compression strength tests on 
notched [± 45/0)ns carbon fibre-epoxy resin specimens under various environmental 
conditions. Their investigation revealed the occurrence of two failure modes in the 
room temperature dry specimens: the stronger specimens ·failed by in-plane buckling 
of the 0° fibres while the weaker specimens by both in-plane and out-of-plane 
buckling of the 0° fibres. The failure of laminates under hot-wet conditions occurred 
by out-of-plane microbuckling of the O· plies. This was said to be because the 
elevated temperature and increased moisture content reduced the fibre-matrix bond 
strength. Any weakening in the fibre-matrix interface resulted in less lateral support 
for the fibres and premature failure of the laminate due to out-of-plane fibre buckling. 
The static compressive behaviour of unidirectional glass fibre-reinforced PP 
laminates was studied at temperatures of between 21·C and 120·C by Soutis and 
Turkmen(1993). They found that compressive failure occurred as a result of fibre 
microbuckling, regardless of temperature. At about 50·C, the failure switched from in-
plane to out-of-plane microbuckling. 
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Ewins and Ham(1973) investigated failure mechanisms in carbon-epoxy 
unidirectional composite laminates as a function of temperature. They suggested that 
the failure mode of unidirectional carbon fibre composites at room temperature was 
shear failure not microbuckling. At temperature above 100·C, the reduction of matrix 
stiffness and matrix strength allowed the fibres to buckle so that the composite 
strength was determined by matrix properties rather than by fibre strength. 
2.10 Diffusion 
When a dry composite material is placed in wet environments it is considered 
that the surfaces immediately come into equilibrium and are saturated. Water then 
penetrates into the composite so that a water profile exists across the specimen 
thickness. If saturation is achieved, a uniform distribution of water exists through the 
thickness of the material. 
The rate at which water is absorbed by a composite depends on the nature of 
the fibres and the matrix, the orientation of fibres with respect to the direction of water 
penetration, the temperature, the difference in water concentration between the 
compOSite and the environment, applied stress and if the absorbed water interacts 
with or damages the composite. The time necessary for water to penetrate to the 
centre of the composite depends on the rate of water absorption and the material 
thickness. 
It is well recognised that absorbed moisture can have undesirable effects 
upon the elevated temperature, resin-dependent material properties of epoxy resin 
matrix compOSites currently in used(Shirrel, 1978). Carbon/epoxy laminates have 
been proven to be slightly hygroscopic and to absorb moisture directly from the 
atmosphere(Shen & Springer, 1976). The predominate mechanism for the transfer of 
this absorbed moisture in a carbon/epoxy laminate has been shown to be diffusion-
controlled process. Detailed knowledge of the nature of this diffusion process is 
essential in determine the amount of absorbed moisture and its distribution inside a 
laminate over the service life of an epoxy compOSite structure. 
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2.10.1 Theory of Diffusion 
The transmission of a penetrant through a homogenous polymer normally 
occurs by an activated diffusion process. The penetrant dissolves in the surface 
layer, migrates through the bulk material under a concentration gradient and 
evaporates from the surface. Provided a constant concentration difference is 
maintained across the material, a steady state of flow is attained, with a constant 
transmission rate, after a relatively short transient-state build up. 
Most of the evidence in the literature(Shen and Springer, 1976, Browning et 
aI., 1977, Shirrel, 1978) suggests that moisture is absorbed by a bulk diffusion 
mechanism in the resin and that for sheet laminates the rate of absorption can be 
described by Fick's law of diffusion. The basic equations relating to diffusion 
behaviour are well established, being defined by analogy to the heat transfer process 
as follows: 
The rate of permeation F is defined as the amount of penetrant passing, during unit 
time, through a surface of unit area normal to the direction of flow, 
i.e. 
Q 
F=-
At (11 ) 
where Q is the total amount of penetrant which has passed through area A in time t. 
In the steady state of flow F is constant and the rate of permeation is directly 
proportional to the concentration gradient, i.e. 
de 
F = -D-
dx (12) 
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where 
D is the diffusion coefficient 
c is the concentration of diffusion matter 
x is the distance normal to the plane 
The units of F are Mass, Length-2, Time-', and those of Dare Length2 and Time-'. 
The inclusion of the minus sign means that matter flows down a concentration 
gradient. This is called Fick's law of diffusion. 
The first law is mainly useful under steady state conditions. Another equation 
must be set up in order to deal with non-stationary state of flow where concentration 
is a function of time as well as distance. Consider a volume element enclosed by two 
planes spaced a distance L apart and associated with concentrations of diffusing 
matter C and C, respectively and rates of permeation F and F, respectively, Figure 
12. 
F 
• 
L 
Figure 12 : Derivation of Fick's first law (not to scale). 
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If the concentration gradient may be considered uniform between the two planes then 
the concentrations may be related by 
de C, = C + L 
dx 
The rate of permeation across the first plane is given by 
de 
F = - 0 
dx 
and the rate of permeation across the second plane is then 
d de F, = -0 - (C + L -) dx dx 
de d de 
= -0- - L - (0 -) dx dx dx 
The rate of accumulation of diffusion matter in the volume element is 
de 
-L 
dt 
(13) 
(14) 
(15) 
and this must be equal to the differences of the rates of permeations across the two 
respective planes, that is 
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dc 
- L = F, - F 
dt 
and thus we obtain Fick's Second Law: 
where 
dc d dc 
dt = dx (D dx ) 
t = time, 
x = space co-ordinate in direction of sheet thickness, 
c = concentration of diffusing matter, and 
D = mutual diffusion coefficient for the system. 
If D is constant with respect to distance and concentration then 
dc d2c 
dt = D dx2 
(16) 
(17) 
(18) 
The distribution of water in a large flat sheet during absorption or desorption is 
governed by one dimensional (i.e. through the thickness) case of Fick's Second Law. 
Equation (18) can be solved analytically, given a concentration independent mutual 
diffusion coefficient and the appropriate boundary conditions. In the case where the 
initial concentrations of penetrant are uniform throughout the sheet, the boundary 
conditions are 
C = Co at t = 0 and all x (19) 
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where Co is the initial concentration. If the sheet is suspended in an atmosphere 
containing a different amount of penetrant than the one in which it was initially 
conditioned, and assuming that both surfaces of the specimens attain equilibrium as 
soon as the absorption or desorption begins, then the boundary conditions would be 
C = Cm at x = 0 and x = h at t > 0 (20) 
where h the thickness of the sheet and Cm is the equilibrium concentration. After 
some length of time, the sheet would absorb the penetrant and the boundary 
conditions would become 
C = Cm at t = 00 and all x (21) 
With the boundary conditions given in Equations 19, 20 and 21, one solution that 
can be obtained for Equation 18 is 
Cl-Co =1--±- ~( I '1(2n+I)"xl -D(2n+I)Z"Zt 
L.... 2n+ I) Sm h exp hZ Cm-C. 7r (22) 
The total amount of penetrant absorbed by the sheet can be obtained by integrating 
of Equation (12) through the thickness of the sheet 
b 
M = f C(x, t) dx (23) 
• 
which on substitution becomes 
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G '" = 1 -
8 00' -D(2n+l''''t 
-, L(2n+lr'exp h' 
" ° 
(24) 
m -m· m , 
mj is the initial weight of the moisture in the material (i.e. the weight prior to exposure 
to the moist environment) and mm is the weight of moisture in the material when the 
material is fully saturated in equilibrium with its environment. 
The parameter G may conveniently be approximated by(Springer, 1988) 
(Dt)O." G = 1 - exp - 7.3 h2 (25) 
This expression is simpler to use than Equation (24). 
In most practical situations we are interested in the percent moisture content as 
manifested by the weight gain of the material. Thus, in practice the parameter of 
interest is the percent moisture content defined as 
M = 
weight of moist material - weight of dry material 
weight of dry material 
M = 
W-Wd 
X 100 = 
m 
x 100 
Wd 
Equations (24) and (26) give 
M = G(mm - mj) + mj 
x 100 
(26) 
(27) 
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The subscripts 
respectively. 
and m refer to the uniform initial and fully saturated conditions, 
Another solution to Equation (18), given boundary conditions in Equations (19), (20), 
and (21) is(Springer, 1984) 
G", Dt 1 n=ro nh ( ) "2 ( ) = 4 t;T ;r2 + 2 Ln=o -1 n erfc 2(Ot) 112 (28) 
where erfc is a standard mathematical function, called the error-function complement, 
extensive tables may be found in the Chemical Rubber Company (CRC) handbook. 
Equation (28) is most suitable for small times, while Equation (24) is best used for 
moderate and large times. The value of D can be deduced from the initial gradient of 
( t'
12
) a graph of F as a function of h' that is 
(29) 
2.10.2 Determination of Diffusion Coefficient (D) and the Maximum Moisture 
Content (Mm) 
The following test procedure may be used to determine the diffusion 
coefficient D and the maximum moisture content Mm. 
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a) A test specimen is fabricated in the form of thin plate. 
b) The specimen is completely dried in an oven and the dry weight Wdry is 
measured. 
c) The specimen is placed in a constant temperature, constant moisture level 
environment and the weight is recorded as a function of time. 
d) The moisture content M (see Equation 26) is plotted versus the square 
root of time (Figure 13). 
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Figure 13 : Illustration of the change of moisture content with the square root of time 
for Fickian diffusion. For t < It. the slope is constant. 
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If a material (either homogeneous or composite) is exposed to a moist 
environment, depending upon the environmental conditions and the condition of the 
materials, the· material either absorbs or loses moisture as manifested by weight gain 
or weight loss. The objective is to determine the percent moisture content M as a 
function of time t. In the case of Fickian diffusion, after a long period of time the M 
versus .ft curve approaches asymptotically the maximum moisture content Mm. 
Initially when the (t < t..) all curves are straight lines, the slope of the curve is 
proportional to the diffusivity of the material. 
D = (h J2 (M2 - M, )2 
1t 4Mm . .jt, - F. 
where D is mass diffusivity/ diffusion coefficient 
where 
h is thickness of the sample 
M is percent moisture 
t is time 
Mm is maximum moisture content 
(30) 
The value of Mm is nearly constant when the material is fully submerged in a 
liquid, it varies with the relative humidity when the material is exposed to moist air. 
For material exposed to moist air, Mm can be related to humidity <jl by the expression 
when b = 1 (31) 
Mm = a (<jl/100)b when b,. 1 (32) 
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where a and b are constants. Values of a and b are experimentally determined 
for each material. Value of a is the saturation moisture content in percent of 
material in a 100% relative humidity (RH) environment. For many materials the value 
of b can be set approximately to unity. 
When the diffusion is Fickian and D is a function of temperature only, the 
diffusivity is related to temperature by the Arrhenius relationship. 
where 
D = Do exp (-:T) 
D is the diffusion coefficient 
Do is a constant for the resin system 
E is the activation energy of diffusion 
R is the gas constant 
T is the absolute temperature 
Taking the natural log of Equation (33) yields 
In D = In Do - (~ ~ 
1 
(33) 
(34) 
Thus a plot of In D versus - should yield a straight line. A value of E can then be 
T 
determined from the slope of the line. 
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For fibre reinforced composites the diffusion coefficients in the direction 
parallel and perpendicular to the fibres (011 and 0 22) may be estimated by the 
expressions (VI < 0.785)(SPringer.1988) 
0 11 = (1 - VI) Or + VIOl (35) 
rv, 
0 22 = (1 - 2V--;- Or + (36) 
(37) 
where Or is the diffusivity of the resin, 01 is the diffusivity of the fibre and VI is the 
volume fraction of the fibres. These expressions become invalid if moisture 
propagates along fibre-resin interfaces or through cracks and voids. 
Generally, the diffusivity of the fibre is small compared to the diffusivity of the 
matrix (01 « Or) and we may write (VI < 0,785) 
0 11 = (1 - VI) Or (38) 
0 22 = (1- ~Vf/7r) Or (39) 
In a direction making a degrees with the orientation of the fibres the diffusivity is 
(40) 
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2.10.3 Non-Fickian Diffusion 
The fundamental characteristics of Fickian and non-Fickian behaviour were 
described by Crank(1977). Essentially, in Fickian diffusion, the weight gain 
(absorption) and weight loss (desorption) curves when plotted against (time)"2 are 
always concave towards the (time) 112 axis and asymptotically reach the final 
equilibrium value. Calculation performed on the basis of Fick's law fail if : 
a) cracks develop in the material or delamination occurs, essentially altering 
the structure of the materials, 
b) moisture propagates along the fibre-matrix interfaces, 
c) there are voids in the matrix, and 
d) the matrix itself (even without cracks) exhibits non-Fickian behaviour. 
The first three of these condition involves some form of discontinuity inside 
the material. Frequently, such discontinuities can be minimised by appropriate 
manufacturing procedures. Non-Fickian behaviour is a material characteristic. 
Bonniau and Bunsell(1981) found that the hardener used to cure the epoxy resin had 
an effect on diffusion kinetics for cured glass fibre reinforced laminates : a diamine 
hardener resulted in classical diffusion, a dicyandiamide hardener gave Langmuir two 
phase diffusion behaviour, and an anhydride hardener resulted in such damage 
above 40°C that it was not possible to describe the diffusion. 
Experimental evidence indicates that for many materials (especially for epoxy 
based composites) Fickian diffusion is a reasonable approximation(Shen and 
Springer, 1976). However, moisture absorption in some polymers proceeds by non-
Fickian processes. Non-Fickian absorption-desorption processes exhibit a maximum 
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saturation level. However the moisture content may not remain constant at this 
'apparent' maximum level, but decrease or increase as time progresses. A more 
general theory of diffusion, known the Langmuir model, introduces the concept that 
water molecules can become trapped by the composite, so that at any moment, only 
a fraction of water molecules can diffuses freely(Canter and Kibler, 1978, Dewimille 
and Bunsell, 1982). Two parameters are introduced, which are (i) the probability, a, of 
a trapped molecule being free and (ii) the probability, 13, of a free molecule being 
trapped. With this two phase diffusion model the weight gain M% as a function of 
time t is written in terms of four parameters, the diffusivity D, weight gain at saturation 
Mm%, the probability a of a molecule of water passing from a combined state to the 
free phase and the probability 13 of a molecule of water passing from the free phase 
to the combined phase. The general form of the absorption curve for this type of 
diffusion is given by(Canter and Kibler, 1978) 
For a« Dn2 I h2 and (41) 
We can write 
[ P ( ) a 8 ~ 1 [ Dt 2 2]] M% =Mm% 1--p exp - a. t -p -2 L.. ( )2 exp - -h2 1C (2n + 1) (42) a + a + 1C .=0 2 n+ 1 
Dt 
For h' > 0.05 this reduces to 
(43) 
Dt 
For h' < 0.05 
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a 
M%= Mm% 
a+p (44) 
It can be seen that the two phase model reduces to the single phase case when (J. = 
1, P = O. The departure from simple Fickian diffusion usually manifests itself as a 
further slow uptake of moisture after the main part of the absorption. The Langmuir 
two phase diffusion model leads to the type of absorption curve shown in Figure 14. 
Whether or not moisture transport through a composite is by Fickian diffusion 
depends not only on the material but also upon environmental conditions. Equations 
based on Fick's law are more suitable to describe the moisture transport at low 
temperature and for materials exposed to humid air. Deviations from Fick's law 
solution become more pronounced at elevated temperature and for materials 
immersed in liquids. Salts, water, solvents and hydrocarbons are especially 
detrimental to the material. 
moisture 
content 
"'-"~----
Fick 
Langmuir 
Figure 14 : Comparison of moisture up-take for classical Fickian 
diffusion and anomalous Langmuir diffusion. 
(Reproduced from Dorey, 1980) 
73 
CHAPTER 3: EXPERIMENTAL PROCEDURES 
3.1 Prepreg Material Used 
The prepreg materials used in this project were commercially manufactured by 
Hexcel Composite Ltd. Two types of Fibredux 913 products used in this investigation 
were specified as Fibredux 913C - HTA - 5 - 34% which contains unidirectional HTA 
high strength carbon fibres and Fibredux 913G - E - 5 - 30% with unidirectional E-
glass fibres pre-impregnated into epoxy resin. Fibredux 913 comprises a modified 
epoxy resin pre-impregnated into unidirectional carbon fibre and glass fibre. The 
epoxy resin is a combination of 50 - 60% by weight, Tetraglycidyl methylene dianiline 
(TGMA) as a main component and 10 - 20% Bisphenol-A and 2 - 8% Diuron as an 
amine accelerator. 
These prepregs are normally cured under pressure with applied heat of 
between 120°C and 150°C depending on the techniques used, to form reinforced 
composite components for use at working temperatures in the range -55°C to 
+130°C. Fibredux 913 composite components exhibit exceptionally high resistance to 
water and high humidity environments(Hexcel - 1991). Properties of the cured epoxy 
matrix and reinforced fibre are presented in Table 3 and Table 4. 
Table 3 : The published properties of cured Fibredux 913 epoxy resin(FTA 46f, 1991). 
Property Units 
Young's MOdulus (70°C) GPa 3.39 
Tensile Strength (70°C) MPa 65.5 
Tensile Strength (90·C) MPa 63.0 
Cured Density (22·C) kg/m3 1.23 x 103 
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Table 4 : The properties of the carbon and glass fibre. 
Property Units Carbon Glass 
Type - HTA E 
Tensile Strength (filament) GPa 3.95 3.4 
Young's Modulus GPa 238 71 
Elongation at break % 1.55 3.37 
Filament diameter ~m 7 13 
Density kg 1m3 1.77x103 2.55 x 103 
3.2 Laminate Moulding 
The fibre reinforced plastic (FRP) composite laminates were moulded using a 
compression moulding press fitted with two electrically heated platens. Pressure was 
applied through a hydraulic ram. The temperature and pressure were kept constant 
throughout the moulding process. The carbon fibre, glass fibre and hybrid laminates 
were moulded using an open mould which consisted of two plates of steel with a 
rectangular steel frame, of 3 mm thickness, placed between the two plates, as shown 
in Figure 15. Before moulding the mould was treated with a silicon based mould 
releasing agent. 
7S 
I = steel plate 
2 = Tygavac TFGO 75 non-porous PTFE 
3 = Tygavac NW I S3 medium weight bleed cloth 
4 = Tygavac TFGO 75P porous PTFE coated glass fabric 
S = prepreg laminate 
6 = metal frame 
Figure 15: Lay-up of Prepreg laminate in mould. 
All the carbon fibre, glass fibre and hybrid laminates were moulded using 24 
layers of Prepregs according to CRAG(Curtis, 1988) configuration [ +45°, -45°, 0°, 
90°]6 to produce a laminate of 3 mm thickness. The hybrid laminates were made of 
sandwiched glass fibre Prepregs with four layers of carbon fibre Prepregs on both 
sides in a fonmat of 4C/16G/4C. 
The individual layers of Prepreg were cut to fit the rectangular frame using a 
guillotine. The backing sheets were removed and the layers stacked individually 
before being pressed in a hand mangle to help minimise air inclusion. This was 
repeated until all the 24 layers were stacked. :rhe stacked Prepreg was laid into the 
rectangular frame and sandwiched between a porous PTFE sheet, medium weight 
bleed cloth and non-porous PTFE sheet, as shown in Figure 15. During the moulding 
processes the excess resin which was squeezed out of the laminate was released 
through the porous PTFE sheet and absorbed by the medium weight bleeder cloth. 
The assembly was then placed between the platens of an electrically heated 
press. The lay-up was cured under a pressure of 2000 kN/m2 for 20 minutes at a 
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temperature of 150°C as recommended by the manufacturer. The laminate was 
ejected hot and did not require any post-curing process. 
3.3 Preparation of Mechanical Test Specimens 
3.3.1 Sawing 
After moulding the laminate slabs were examined using C-Scan for any 
defects. The test specimens were cut out from the 'perfect' slabs. Preparation of test 
specimens initially involved cutting the laminate slabs using a dry diamond tipped 
circular saw. Care was taken not to obtain specimens from the edges of the slab due 
tq distortions of fibre and the presence of excess resin in this area. Having cut out the 
test specimens, all the cut edges and corners were polished down with 400 grit silicon 
carbide paper to ensure they were parallel and square. This also removed scratches 
and burrs made by the diamond tipped circular saw. 
3.3.2 Interlaminar Shear Strength Specimens 
ILSS specimen dimensions were according to the CRAG Standard Test 
Method 100(Curtis, 1988); i.e. 25 ± 0.5 mm length, 15 ± 0.25 mm width and 3 mm 
thickness (Figure 16). 
3.3.3 Dynamic Mechanical Thermal Analysis Specimens 
DMTA bar specimen dimensions were 38 mm length, 12 mm width and 3mm 
thickness (Figure 16). 
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3.3.4 Compression After Impact Specimens 
CAI specimen dimensions were 89 mm height, 55 mm width and 3mm 
thickness. The dimensions were based on the size of the CAI test fixture, in this case 
it was a miniaturised and modified Boeing type. The CAI specimens were taken from 
the laminates slab as shown in Figure 16. 
Figure 16 : Location of CAI, DMTA and ILSS specimens in the laminated slab. 
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3.4 Environmental Exposure 
Since the main aim of this project was to study the influence of thermohumid 
conditions on CAI properties of composite laminates, the impacted carbon fibre 
reinforced specimens were placed in a thermohumid environment of 90% RH at 40°C 
inside an environmental cabinet prior to compression test. After the initial exposures it 
was discovered that the moisture up-take of these carbon fibre reinforced specimens 
was very slow and going to take a very long time which was beyond the time 
permitted for this study. It was decided to change the parameters to 95% RH at 60°C 
and this was used throughout the study. 
Before placing the test specimens into the thermohumid environments they 
were dried in an oven, until their weight stabilised. The specimens thus dried were 
placed in the appropriate environmental conditions and their weights measured by 
weighing them periodically. 
The environmental conditions were produced in a microprocessor controlled 
environmental cabinet in which humidification was produced by the injection of 
atomised water on the heaters in a separate chamber. The temperature of the 
environmental cabinet was controlled by heaters and kept within ± 1 ·C. 
3.5 Compression After Impact Testing 
The CAI test is divided into two parts. The first part is a low-velocity impact 
designed to induce a low level of impact damage in the fibre reinforced composite 
specimen. In the second part of the test the residual compression strength is 
measured for the impacted fibre reinforced composite specimen. 
The literature reviews revealed that there are a large number of variables 
associated with the CAI test, both from the impact and subsequent residual 
compression test (see section 2.6). In order to reduce the number of variables a 
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decision was made to standardise the impact type and the conditions of the impact 
for this work. CRAG(Curtis, 1988) impact test conditions were chosen to initiate and 
propagate damage, in the laminated fibre reinforced composite prior to compression 
testing. This left the testing to those variables related to the residual compressive 
strength of the sample. 
3.5.1 Impact Test 
The CRAG(Curtis, 1988) impact test rig consists of a drop-weight impactor 
which was allowed to fall onto the centre of an area of the test laminate securely 
clamped between two steel rings, as shown in Figure 17. The clamp was designed to 
minimise the effect of uneven pressure distribution on the clamped area and the test 
rig positioned on a solid non-energy absorbing surface. 
The drop-weight was a steel ball or hemispherical indentor of diameter 10 
mm, released down a guide tube from a height of 1 meter. This drop-weight had to 
strike the composite laminate at the centre of the clamped area. This was achieved 
by the use of guides, provided that frictional effects are negligible. The drop-weight 
had to be caught on the rebound to prevent secondary damage to the composite 
laminate after initial impact. 
3.5.2 Residual Compression Test 
The number of possible designs and variations on designs of anti-buckling 
guide (ABG) is large and a comprehensive investigation of the effect of ABG design 
on the results of CAI testing was considered to be beyond the time and financial 
constraints of this work. 
The results of this investigation would probably have been most useful 
if the experiments were carried out using test fixtures and samples sizes as in the 
Boeing test, which is probably the most widely used CAI test. However, this was not 
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practical because of the size and thickness of the specimens. The price of the 
material and the availability of a high capacity compression testing machine were the 
limiting factors. To overcome these problems it was decided that a miniaturised test 
specimen and modified Soeing test fixture would be used for this work. 
Specimen 
o 
oia. 140 mm 
Section A - A 
I 
I 
I 
I 
I 
\ 
\ 
Base of Impact Machine 
-~-~~-I 
-( ..... , 
/00 
o 
o 
o 0/ 
" -f -'-,- - -,../_.
Du.. l00mrn 
Figure 17: Schematic diagram of the laminate clamp and drop-weight 
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3.5.3 Miniaturised CAI Test 
Based on the capability of the compression testing machine available for this 
study, a miniaturised CAI test specimen, of a size of 89mm x 55mm was chosen. 
The choice of the CAI specimen size was in order that the ratio of side lengths 
corresponded to that specified in the Boeing/SACMA test(Boeing, 1982, SACMA, 
1988). 
The effect of using a miniaturised CAI specimen was to reduce the quantities 
of materials required. reducing time for lay-up and general fabrication as well as 
down-sizing the mechanical test facilities necessary for the compression test. 
In experimental work by Hogg et al(1992). it was concluded that data 
generated using a miniaturised CAI test fixture, with widely different Prepregs, was in 
broad agreement with data generated using a full/standard scale Boeing/SACMA test 
fixture. A reasonably good relationship was found between the results for the 
miniaturised scale and the full/standard scale tests reported by Tanaka and 
Kageyama (1994). 
For the same reason, Kimpara et al (1998) proposed a simplified CAI strength 
test method based on a smaller coupon specimen and a newly developed 
compression test fixture without any additional device to prevent buckling. This was 
compared with the existing CAI test methods (SACMA and CRAG). The results 
indicated approximately the same level of CAI strength, which suggests that the 
results did not depend on the testing methods and the specimen size. 
Residual compression test specimens were cut from the impacted composite 
laminate ensuring that the damaged area lay in the centre of the specimen. The 
specimen was then carefully aligned in the test machine and a suitable ABG 
employed, as shown. in Figure 18. Compression specimens with areas of damage of 
width 40 mm, or greater, were not used for residual compressive strength testing. 
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Compression after impact tests were carried out on an INSTRON mechanical 
test machine using 100 kN load cell. A constant cross-head rate of 0.2 mm/min was 
used in order to obtain failure within the time scale suggested by the CRAG standard. 
The compression loads were read directly from the load/displacement charts which 
were produced by the Servoscribe 1 s potentiometer recorder. 
A Loading PI .. e A 
o 
o o 
o 0 
o o 
Section A - A 
Figure 18: Schematic drawing of the anti-buckling guide. 
This compression test was carried out in order to evaluate the ultimate CAI 
strength (residual compressive strength). The CAI strength OCAl was calculated as the 
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maximum compression load P sustained by the specimen divided by the original 
cross-sectional area. 
O'CAI = 
P 
wt 
For the width wand thickness t of the specimen three measurements were taken and 
averaged per speCimen. 
3.6 Characterisation and Analysis 
In this section information relating to tools and techniques used in the 
characterisation and analysis of the fibre reinforced composite materials are 
presented. 
3.6.1 Interlaminar Shear Strength (ILSS) 
The ILSS was measured using a 3-point flexure test with a span to depth 
ratio low enough that matrix shear failure occurred before flexural failure. It measures 
the composite shear strength in a plane parallel to the fibre direction. The ILSS is 
particularly suitable for examining the nature of the fibre-matrix bond. 
The standard interlaminar shear test adopted for this work was the CRAG 
Standard Test Method for the measurement of the engineering properties of fibre 
reinforced plastics, method 100 with a span depth ratio of 5(Curtis, 1988). The span 
and sample dimensions were calculated according to the CRAG Standard Test 
Method 100(Curtis, 1988). Care was taken to ensure that the outer support rollers 
were parallel to each other with the loading member centred between the two outer 
rollers, see Figure 19. 
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The interlaminar shear test was performed on a Lloyds machine, Model L 
2000 R using a 5 kN load cell and a cross-head speed of 1 mm/min. was used in 
order to obtain failure within the time scale suggested by the CRAG standard. The 
test was carried out at room temperature(23°C). 
s ~support roller ,. 
L 
Figure 19 : Schematic diagram of test specimen placed on support and 
loading rollers. 
Where, 
t specimen thickness 
S span between support 
L specimen length 
Five specimens of dimensions 15 mm by 25 mm were cut lengthwise from the 
laminated plates using a circular diamond cutter. The cut edges were polished down 
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using 400 grit silicon carbide paper and great care was taken to keep the edges 
parallel. 
Using the following equation, the ILSS was calculated: 
3P 
ILSS = 
4t w 
where, 
ILSS interiaminar shear strength (kN/mm2) 
P failure force (kN) 
t specimen thickness (mm) 
w specimen width (mm) 
ILSS is strongly dependent upon the span to depth ratio used and it is 
therefore used more as a quality control tool than to acquire design data(Nuismer and 
Labor, 1979). Its use for thermoplastic composites is doubtful as they exhibit a 
yielding failure with no evidence of shear failure. It has been stated that even the 
specimen width is important when comparing composites with widely differing 
Young's modulus. Therefore comparisons were made with caution. 
According to CRAG(Curtis, 1988), method 100, the interiaminar shear failure 
must occurred within 15 - 45 seconds. A study on the time to failure was performed to 
determine a suitable test speed. For this study the ILSS test specimens were cut from 
the same slab, i.e. slab no.13. Tables 5 and Table 6 show the results of the study. 
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Table 5 : ILSS results using test speed of 1 mm/min. 
Width Thickness Maximum Load ILSS 
(mm) (mm) (N) (MPa) 
15.2 2.9 2267 38.6 
15.1 2.9 2318 39.7 
14.9 2.9 1901 33.0 
15.1 2.9 1763 30.2 
15.2 2.9 1845 31.4 
Table 6: ILSS results using test speed of 2 mm/min. 
Width Thickness Maximum Load ILSS 
(mm) (mm) (N) (MPa) 
13.6 2.9 2639 50.0 
13.7 2.9 3070 58.0 
13.7 2.9 2577 48.8 
13.7 2.9 2752 52.0 
13.7 2.9 2615 49.4 
The results from the study show that the difference in test speed does have 
some effect on the ILSS values. It was observed that when the test speed was 
increased from 1 mm/min. to 2 mm/min. the values of ILSS were increased by 
around 46 - 61 percent. However, an investigation of the effect of testing speed on 
the ILSS values was considered to be beyond the time and financial constraints of 
this project. It was decided for this project that a test speed of 1 mm/min would be 
used because at this speed failure occurred between 15 and 45 seconds. 
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3.6.2 Dynamic Mechanical Thermal Analyser (DMTA) 
The Polymer Laboratories' Dynamic Mechanical Analyser (PL-DMTA), see 
Figure 20, was used to determine the glass-transition temperature (Tg) of the 
composite samples. A bar sample (38 mm length,12 mm width and 3 mm thick) was 
clamped rigidly at both ends and its central point vibrated sinusoidally by the drive 
clamp (dual-cantilever), see Figure 21 . The sample was then heated inside the 
mechanical head, Figure 22, at a rate of 4 °C/min. The stress experienced by the 
sample, via the ceramic drive shaft was proportional to the current supplied to the 
vibrator. The strain in the sample was proportional to the sample displacement and 
was monitored by non-loading eddy current transducers and the metal target on the 
drive shaft. The drive shaft was supported on light metal diaphragms which allow 
longitudinal but not lateral motion. 
Figure 20 : Polymer Laboratories' Dynamic Mechanical Analyser (PL-DMTA) 
88 
The temperature programmer controlled the balanced heat oven to produce 
uniform heating. The temperature range was set from 25°C to 260°C as 913 prepreg 
materials are expected to have a high Tg. As the temperature is raised the DMTA 
sensed any change in molecular mobility in the samples. When samples passed 
through a glass transition temperature they softened. This could be seen because a 
downward displacement was recorded. 
legend: 
a - clamp bars 
b - sample 
c - central driven clamp 
Figure 21 : Clamping Arrangement ( Dual-cantilever) 
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Figure 22: View of the Mechanical Head of the PL-DMTA 
The information obtained from the PL-DMTA instrument was plotted as the 
logarithm of the Young's modulus (E') giving an indication of the stiffness of the 
sample, and a plot of tan 8, the loss factor, an indication of the absorption of 
mechanical energy within the sample as the temperature increased at constant 
frequency and fixed strain. 
3.6.3 Scanning Electron Microscopy and Optical Microscopy 
The technique of scanning electron microscopy (SEM) is the most widely used 
method to study fracture surface morphology. Optical microscopes are limited by the 
narrow depth of field which limits the study of rough surfaces to very low 
magnifications. Due to the limitations (resolution and magnification) of an optical 
microscope it is unsuitable for detailed structures at high magnifications. In the case 
of rough fractured composite surfaces with a lot of detail one must resort to electron-
optical methods such as SEM. 
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Examination of the topography of the fractured surfaces using SEM demands 
no special specimen preparation. Part of the fracture surface of interest was simply 
glued onto an aluminium stud using a colloidal solution of silver. The sample was 
then coated with a thin layer of gold by a sputtering technique. The SEM was also 
used to study the failure mechanism of compression after impact samples. 
Optical microscopy of samples normal or perpendicular to the fibre axis 
require the preparation of flat polished samples. Part of the sample of interest was 
cut, then mounted in a thermosetting resin. Preparation of the sample involved 
grinding with wet silicon carbide papers. The grit size of the papers used increased 
from 200 to 1000. Fine scratches were then removed by polishing on a 6 ~m diamond 
wheel which was followed by final polishing on a 1 ~m diamond wheel. After this 
polishing the samples were suitable for optical microscopy work or, after gold coating, 
for scanning electron microscopy. 
3.6.4 Ultrasonic C-scan 
Mechanical vibrations can be propagated in solids, liquids and gases. The 
actual particles of matter vibrate, and if the mechanical movements of particles have 
a regular motion, the vibrations can be assigned a frequency in cycles per second, 
measured in hertz (Hzl, where 1 Hz = 1 cycle per second. If this frequency is within 
the approximate range 10 to 20000 Hz, the sound is audible; above about 20000 Hz, 
the sound waves are referred to as 'ultrasound' or 'ultrasonics'. 
In ultrasonic NOT a high voltage electrical pulse is applied to the probe or 
transducer, a pulse of ultrasonic energy is generated in the probe and is propagated 
into the specimen. This pulse of waves travels through the specimen with some 
spreading and some attenuation and will be reflected or scattered at any surface or 
intemal discontinuity such as an intemal flaw in the specimen. This reflected or 
scattered energy can be detected by a suitably-placed second probe. The time-
interval between the transmitted and reflected pulses is a measure of the distance of 
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the discontinuity from the surface, and the size of the return pulse can be a measure 
of the size of the flaw. 
In ultrasonic C-scan(Halmshaw, 1987), a two-dimensional display of the test 
surface in plan view is shown. To produce this, the probe must be scanned 
mechanically over the surface in a regular raster and defects are shown in bright 
patches in their correct plan position. C-scan is widely used with immersion 
techniques, where the specimen is in a water tank and the ultrasonic probe scanned 
parallel to the specimen surface. It produces a radiograph-like image, but provides no 
information on the through-thickness position of the damage or flaw. 
In this project a C-scanner, using Ultra Pac Window based software supplied 
by Physical Acoustic Limited, Figure 23 , was used to check the quality of the 
laminate slabs. This was carried out to ensure that no internal defects or damages 
were formed during fabrication stage. Besides that it was also used to measure the 
impact damage. The results were plotted using a colour printer and the damage 
areas were calculated using image analyser software. The laminate slabs and the 
impacted specimens were scanned using immersion techniques, where the slabs and 
the specimens were placed in a water tank and the ultrasonic probe scanned parallel 
to the specimen surface. From the PC monitor screen, radiography-like image were 
viewed. 
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Figure 23 : Physical Acoustic C-scanner 
The following C-scan settings were used throughout this study: 
Pulse Echo 
Pulser Voltage (v) : 350 
Damping (ohms) : 365 
Filter (MHz) : 5 
Attenuation (dB) : 0 
Gain (dB) : 51 .5 
Water path (Ve) : 0.0584 (in/us) 
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Digitizer Setup 
Delay (flS) 
Width (flS) 
Wave ave. 
Samp. Rate MHz 
Scale (v) 
Display Mode 
Trigger Mode 
Gate Setup 
Sync. 
Sync. Thrs. (0/0) 
Detection 
Peak Detection (0/0) 
Scanner setup 
X Speed 
Y Speed 
:17 
:8 
:5 
: 32 
: 1 
: Full 
: -Trig 
: Intemal 
: First Echo 
: 100 
: Peak Detection 
: 80 
: 19.0 mm/s 
:.10.0 mmls 
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CHAPTER 4 : RESULTS 
This chapter presents the results of the experimental work. Three types of 
material were used i.e. carbon fibre reinforced, glass fibre reinforced and hybrid 
laminates which are the combination of carbon and glass fibre in a la'y-up of 4 plies 
carbon 116 plies glass 14 plies carbon. 
4.1 Moisture Up-take 
Prior to being placed in the environmental cabinet the specimens were dried in 
an air circulation oven, and their weight Wd was measured until no further weight 
loss occurred. The dried specimens were then placed in constant temperature, 
constant humidity conditions and their weight W was recorded as a function of time. 
The weight of the specimens was recorded every three days. From these values the 
percentage moisture up-take (weight gain) was calculated as follows: 
w-w. 
x 100 
w. 
where Wd is the dried weight of the specimen and W is the moist weight of the 
specimen. 
4.1.1 Carbon Fibre Reinforced Laminates 
The weight gains of the carbon fibre reinforced laminates CAI specimens, 
which were exposed to constant temperature and constant humidity, were measured. 
The specimens were placed inside an environmental cabinet which was set at 40°C 
& 90%. A second set of specimens was placed in the environmental cabinet at 60°C 
& 95% relative humidity. Percentage mOisture up-take was measured every three 
days. 
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The experimental results for percentage moisture up-take for the period of 60 
days was plotted graphically against (time)'''' in (days)'''', as illustrated in Figure 24. 
Each point on the graph represents the average result of three samples. The rate of 
moisture up-take for 40·C & 90% RH and 60·C & 95% RH are presented on the 
same graphs in order to assess the overall effect of these thermohumid conditioning. 
The absorption mechanism up to the 60th day appears to conform, at least 
approximately to Fickian behaviour. The weights were still increasing even after 60 
days for all specimens tested under both thermohumid conditions. Average 
measurements of the percentage moisture up-take, by carbon fibre reinforced 
specimens, after exposed to thermohumid conditions at 60°C and 95% RH for 81 
days are tabulated in Table 7. 
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Figure 24 : Percentage moisture up-take of unimpacted carbon fibre reinforced 
specimens exposed to 40°C, 90% RH and 60°C, 95% RH as a function 
of time (day""). 
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Table 7 : Percentage moisture up-take for unimpacted, 9J, 12J and 15J impact 
energy of carbon fibre reinforced specimens exposed to 60°C and 95% RH. 
Day % Moisture up-take 
unimpacted 9J 12 J 15 J 
0 0 0 0 0 
3 0.24 0.26 0.26 0.34 
6 0.38 0.39 0.39 0.49 
9 0.48 0.50 0.50 0.62 
12 0.57 0.59 0.58 0.71 
15 0.65 0.67 0.66 0.80 
18 0.73 0.75 0.74 0.90 
21 0.79 0.81 0.81 0.93 
24 0.83 0.85 0.85 0.98 
27 0.88 0.91 0.90 1.05 
30 0.94 0.98 0.97 1.11 
33 0.99 1.02 1.01 1.14 
36 1.05 1.07 1.06 1.19 
39 1.09 1.10 1.10 1.24 
42 1.15 1.17 1.16 1.29 
45 1.19 1.20 1.20 1.34 
48 1.22 1.24 1.23 1.36 
51 1.25 . 1.27 1.26 1.38 
54 1.28 1.30 1.29 1.41 
57 1.30 1.32 1.31 1.41 
60 1.33 1.34 1.33 1.43 
63 1.36 1.37 1.36 1.45 
66 1.38 1.39 1.37 1.46 
69 1.40 1.42 1.41 1.48 
72 1.43 1.44 1.43 1.50 
75 1.45 1.47 1.46 1.51 
78 1.48 1.49 1.48 
81 1.51 1.50 1.50 
97 
The rate of moisture up-take at 40°C and 90% RH was found to be slow, 
which means longer exposure time is required for the specimens to reach 1.5 % 
moisture up-take (maximum level of moisture up-take for this study), therefore it was 
decided that the exposure conditions of 60°C and 95% RH will be used for the rest of 
the materials. 
4.1.2 Glass Fibre Reinforced Laminates 
The weight gain of the glass fibre reinforced laminates CAI specimens which 
were exposed to constant temperature, and constant humidity, were measured. The 
specimens were placed inside an environmental cabinet which was set at 60°C and 
95% relative humidity. Percentage moisture up-take was measured every three days. 
The experimental results for percentage moisture up-take for the period of 81 
days was plotted graphically against (time)'12 in (days)'I2, as illustrated in Figure 25. 
Each point on the graph represents the average result of three samples. 
The weights were still increasing even after 81 days for all specimens tested 
at 60°C and 95% relative humidity. Average measurement of the percentage 
moisture up-take by glass fibre reinforced specimens, after exposed to the 
thermohumid conditions are tabulated in Table 8 below. 
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Table 8 : Percentage moisture up-take for unimpacted, 9J, 12J and 15J impact 
energy of glass fibre reinforced specimens exposed to 60°C and 95% RH. 
Day % Moisture uD-take 
UnimDacted 9J 12 J 15J 
0 0 0 0 0 
3 0.18 0.17 0.18 0.18 
6 0.28 0.27 0.31 0.29 
9 0.37 0.35 0.38 0.37 
12 0.44 0.41 0.45 0.44 
15 0.51 0.49 0.53 0.53 
18 0.56 0.52 0.56 0.56 
21 0.64 0.59 0.64 0.62 
24 0.71 0.66 0.70 0.70 
27 0.76 0.70 0.75 0.73 
30 0.82 0.75 0.80 0.79 
33 0.87 0.81 0.85 0.85 
36 0.93 0.86 0.90 0.89 
39 0.98 0.92 0.97 0.96 
42 1.01 0.95 1.02 1.01 
45 1.06 1.01 1.06 1.05 
48 1.11 1.04 1.10 1.08 
51 1.14 1.07 1.12 1.11 
54 1.16 1.10 1.15 1.14 
57 1.19 1.14 1.19 1.20 
60 1.22 1.17 1.22 1.22 
63 1.27 1.20 1.25 1.23 
66 1.29 1.23 1.28 1.26 
69 1.32 1.25 1.31 1.28 
72 1.34 1.27 1.32 1.30 
75 1.36 1.30 1.35 1.32 
78 1.38 1.32 1.38 1.35 
81 1.4 1.35 1.45 1.42 
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Figure 25 : Percentage moisture up-take of unimpacted glass fibre reinforced 
specimens exposed to 60°C and 95% RH as a function of time (day'I2). 
4.1.3 Hybrid 4C/16G/4C laminates 
The weight gain of the Hybrid 4C/16G/4C laminates CAI specimens which 
were exposed to constant temperature and constant humidity were measured. The 
specimens were placed inside an environmental cabinet which were set at 60°C & 
95% relative humidity, percentage moisture up-take was measured every three days. 
The experimental results for percentage moisture up-take for the period of 81 
days was plotted graphically against (time)'12 in (days)'I2, as illustrated in Figure 26. 
Each point on the graph represents the average result of three samples. 
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The weights were still increasing even after 81 days for all specimens tested 
at 60·C and 95% relative humidity thermohumid conditions. Average measurement of 
the percentage moisture up-take by hybrid 4C/16G/4C specimens after exposed to 
the thermohumid conditions are tabulated in Table 9 below. 
Table 9 : Percentage moisture up-take for unimpacted, 9J, 12J and 15J impact 
energy of hybrid 4C/16G/4C specimens exposed to 60°C and 95% RH. 
Day % Moisture up-take 
Un impacted 9J 12 J 15 J 
0 0 0 0 0 
3 0.23 0.25 0.26 0.27 
6 0.34 0.37 0.39 0.39 
9 0.43 0.47 0.48 0.49 
12 0.51 0.55 0.56 0.58 
15 0.58 0.62 0.63 0.65 
18 0.64 0.68 0.70 0.71 
21 0.70 0.74 0.72 0.73 
24 0.76 0.79 0.82 0.82 
27 0.80 0.83 0.85 0.86 
30 0.83 0.87 0.89 0.90 
33 0.89 0.91 0.92 0.94 
36 0.94 0.99 1.01 1.01 
39 0.99 1.03 1.06 1.06 
42 1.03 1.07 1.10 1.10 
45 1.07 1.11 1.14 1.14 
48 1.12 1.15 1.18 1.17 
51 1.15 1.19 1.21 1.21 
54 1.18 1.22 1.24 1.24 
57 1.20 1.25 1.28 1.27 
60 1.24 1.28 1.31 1.30 
63 1.28 1.31 1.35 1.34 
66 1.31 1.34 1.39 1.38 
69 1.33 1.37 1.41 1.40 
72 1.36 1.40 1.42 1.42 
75 1.38 1.42 1.44 1.44 
78 1.41 1.44 1.46 1.45 
81 1.46 1.45 1.48 1.48 
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Figure 26 : Percentage moisture up-take of unimpacted hybrid 4C/16G/4C specimens 
exposed to 60°C and 95% RH as a function of time (dayll2). 
4.2 Dynamic Mechanical Thermal Analysis (DMTA) 
Polymer Laboratories - Dynamic Mechanical Thermal Analyser (PL - DMTA), 
was used to evaluate the glass transition temperature of the composite specimens. 
The Tg is an important parameter with moisture transfer processes. In practice, the 
transition occurs over a temperature range. The moisture acts as a plasticiser thus 
lowering the value of Tg of the resin. 
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4.2.1 Carbon Fibre Reinforced Laminates 
Typical dynamic mechanical properties of carbon fibre reinforced laminates 
and the effect of percentage moisture up-take on the storage tan delta and modulus 
E' after exposes to 40·C & 90% RH are shown in Figure 27 and 28. 
The full results of the moisture effect on the T g values for carbon fibre 
laminates are tabulated in Table 10. Measurements on Tg were obtained from DMTA 
Tan 1) plot. Graphically the effect of percentage moisture up-take on glass transition 
temperature after exposure to thermohumid conditioning are shown in Figure 29. 
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Figure 27: Effect of moisture up-take on the glass transition temperature of carbon 
fibre laminates at thermohumid condition of 40 ·C and 90 %RH. 
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Figure 28 :Effect of moisture up-take on the storage modulus E' of carbon fibre 
laminates at thermohumid condition of 40 ·C and 90% RH . 
Table 10 : The percentage moisture up-take on Tg ·C for carbon fibre 
laminates exposed to 90% RH at 40·C. Obtained from DMTA Tan Ii plot. 
% Moisture up-take Tg ·C 
0 207.5 
0.2 204.7 
0.3 201 .3 
0.4 197.3 
0.65 187.9 
0.8 182.0 
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Figure 29 : Influence of moisture up-take on glass transition temperature of 
carbon fibre laminates exposed to 90% RH at 40·C. Obtained from 
DMTA Tan cS plot. 
Typical dynamic mechanical properties of carbon fibre reinforced laminates 
and the effect of percentage moisture up-take on the storage tan delta and modulus 
E' after exposes to 60·C & 95% RH are shown in Figure 30 and 31 . 
The full results of the moisture effect on the Tg values for carbon fibre 
reinforced laminates are tabulated in Table 11 . Measurements on Tg were obtained 
from DMTA Tan cS plot. Graphically the effect of percentage moisture up-take on glass 
transition temperature after exposure to thermohumid conditioning are shown in 
Figure 32. 
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Figure 30 : Effect of moisture up-take on the glass transition temperature of carbon 
fibre laminates at thermohumid condition of 60 ·C and 95 %RH. 
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Figure 31 : Effect of moisture up-take on the storage modulus E' of carbon fibre 
laminates at thermohumid condition of 60 ·C and 95% RH. 
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Table 11 : The effect of percentage moisture up-take on Tg ·C for carbon fibre 
laminates exposed to 95% RH at 60·C. Obtained from DMTA Tanli plot. 
% Moisture up-take Tg ·C 
0 207.9 
0.3 203.3 
0.6 189.1 
0.9 177 
1.2 154.6 
1.5 138.6 
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100+---------;---------;---------~ 
o 0.5 1 1.5 
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Figure 32 : Influence of moisture up-take on glass transition temperature of 
carbon fibre laminates exposed to 95% RH at 60·C. Obtained from 
DMTA Tan li plot. 
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4.2.2 Glass Fibre Reinforced Laminates 
The typica l dynamic mechanical properties of glass fibre reinforced laminates 
and the effect of percentage moisture up-take on the storage tan delta and modulus 
E' after exposed to 60·C & 95% RH are shown in Figure 33 and 34. 
The full results of the moisture effect on the Tg values for glass fibre 
reinforced laminates are tabulated in Table 12. Measurements on Tg were obtained 
from DMTA Tan Ii plot. Graphically the effect of percentage moisture up-take and 
glass transition temperature after exposure to thermohumid conditioning are shown in 
Figure 35. 
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Figure 33 : Effect of moisture up-take on the glass transition temperature of 
glass fibre laminates at thermohumid condition of 60 ·C and 95 %RH. 
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Figure 34 : Effect of moisture up-take on the storage modulus E' of glass fibre 
laminates at thermohumid condition of 60 ·C and 95% RH. 
Table 12 : The effect of percentage moisture up-take on Tg·C for glass fibre 
specimens exposed to 95% RH at 60·C. Obtained from DMTA Tan /) plot. 
% Moisture up-take Tg OC 
0 209.4 
0.3 205.8 
0.6 194.0 
0.9 172.0 
1.2 148.0 
1.5 130.2 
109 
250 
200 
150 
100+----------+----------+---------~ 
o 0.5 1 1.5 
% Moisture up..take 
Figure 35 : Influence of moisture up-take on glass transition temperature of glass 
fibre laminates exposed to 95% RH at 60°C. Obtained from DMTA Tan /) 
plot. 
4.2.3 Hybrid 4C/16G/4C Laminates 
The typical dynamic mechanical properties of hybrid 4C/16G/4C laminates 
and the effect of percentage moisture up-take on the storage tan delta and modulus 
E' after exposed to 60g C & 95% RH are shown in Figure 36 and 37. 
The full results of the moisture effect on the Tg values for hybrid 4C/16G/4C 
laminates are tabulated in Table 13. Graphically the effect of percentage moisture up-
take on glass transition temperature after exposure to thermohumid conditioning are 
shown in Figure 38. 
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Figure 36 : Effect of moisture up-take on the glass transition temperature of hybrid 
4C/16G/4C laminates at thermohumid condition of 60 °C and 95 %RH. 
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Figure 37 : Effect of moisture up-take on the storage modulus E' of hybrid 
4C/16G/4C laminates at thermohumid condition of 60 °C and 95% RH. 
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Table 13 : The effect of percentage moisture up-take on Tg ·C for hybrid 
4C/16G4C laminates exposed to 95% RH at 60·C. Obtained from 
DMTA Tan Ii plot. 
% Moisture up-take Tg °C 
0 208.4 
0.6 177.0 
0.9 168.2 
1.2 149.1 
1.5 132.4 
250 
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Tg oC 
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% Moisture up-take 
Figure 38 : Influence of moisture up-take on glass transition temperature of hybrid 
4C/16G/4C laminates exposed to 95% RH at 60°C. Obtained from DMTA 
Tan Ii plot. 
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4.3 Interlaminar Shear Strength (ILSS) Test. 
The ILSS was measured using the short span flexure test which causes 
failure to occur by shear along the fibre-matrix interface. The test was performed 
according to the CRAG Standard Test Method 100(Curtis - 1988). This test gives an 
indication of the quality of the fibre-matrix bond. 
From the ILSS test a graph of load against extension was obtained for each 
specimen tested. The ILSS was calculated using the following equation: 
3P 
ILSS = 
41 w 
where 
ILSS interlaminar shear strength (MPa) 
P failure force (N) 
t specimen thickness (mm) 
w specimen width (mm) 
4.3.1 Carbon Fibre Reinforced Laminates 
The quality of the moulded laminate is of important for the success of this 
project. Beside the common microscopy examination, ILSS test was widely used to 
measure the quality of the moulded laminates due to it being easy to perform and the 
fact that it used a minimum amount of material. To ensure the slab is produced with 
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high quality two slabs, A and B of dry condition were used in the evaluation of the 
quality of the moulded slab. The results of the ILSS tests are presented in Table 14 
and Table 15. 
Table 14 : ILSS results of slab A. 
Width Thickness Maximum ILSS Average ILSS Standard 
(mm) (mm) Load (MPa) (MPa) Deviation 
(N) (MPa) 
14.9 2.96 2314 39.4 ) 
14.9 2.96 2234 38.0 ) 
14.9 2.96 1901 32.3 ) 35.9 3.1 
15.0 2.96 2175 36.8 ) 
14.9 2.96 1935 33.0 ) 
Table 15 : ILSS results of slab B. 
Width Thickness Maximum ILSS Average ILSS Standard 
(mm) (mm) Load (MPa) (MPa) Deviation 
(N) (MPa) 
15.2 2.9 2267 38.6 ) 
15.1 2.9 2318 39.7 ) 
14.9 2.9 1901 33.0 ) 34.6 4.3 
15.1 2.9 1763 30.2 ) 
15.2 2.9 1845 31.4 ) 
From the two results it was observed that the variations of ILSS results 
between laminates A and B are not great and the specimens show a similar scatter 
of result. It was concluded that the quality of the slabs produced were satisfactorily 
and met the criteria for this study. 
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It has long been recognised that the fibre-matrix interface in composites 
exerts a strong influence on the shear properties of the composite laminates. ILSS is 
a measure of degree of adhesion between matrix and reinforced fibres. It has been 
proved that the bond strength between matrix and fibres could be decreased by 
moisture. The effect of moisture up-take on the ILSS after exposed to 40°C and 90% 
RH are tabulated in Table 16 and a plot of the ILSS versus percentage moisture up-
take is shown in Figure 39. 
Table 16 : ILSS versus percentage moisture up-take at 40°C and 90% RH for carbon 
fibre reinforcea laminates. 
% Moisture up-take ILSS (MPa) STD. DEV (MPa) 
0 43.4 4.7 
0.25 46.7 2.1 
0.33 43.6 3.4 
0.38 45.3 3.2 
0.44 45.5 3.9 
0.52 44.6 7.0 
0.54 47.1 4.1 
0.62 44.8 3.8 
0.68 43.2 2.9 
0.69 41.7 3.8 
0.72 36.8 1.6 
0.76 40.6 2.5 
0.77 41.6 3.9 
0.8 39.2 6.9 
0.9 33.1 1.4 
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Figure 39 : The effect of moisture up-take on ILSS at 40 ·C and 90% RH for 
carbon fibre reinforced laminates. 
The same tests were repeated but with a different conditioned specimens, 
that was exposed to 60·C and 95% RH. The results are tabulated in Table 17 and a 
graph plotted of ILSS versus percentage moisture up-take is shown in Figure 40. 
Table 17 : ILSS versus percentage moisture up-take at 60·C and 95% RH for carbon 
fibre reinforced laminates. 
% Moisture up-take ILSS (MPa) STD. DEV (MPa) 
0 47.1 4.3 
0.3 46.3 2.5 
0.6 44.1 1.0 
0.9 43.0 1.5 
1.2 42.3 1.4 
1.5 39.1 2.5 
116 
~+---------+---------~------~ 
o 0.5 1.5 
% Moisture up-take 
Figure 40 : The effect of moisture up-take on ILSS at 60 ·e and 95% RH for 
carbon fibre reinforced laminates. 
4.3.2 Glass Fibre Reinforced Laminates 
The effect of moisture up-take on the ILSS after exposed to 60·e and 95% 
RH are tabulated in Table 18 and a plot of the ILSS versus percentage moisture up-
take is shown in Figure 41 . 
Table 18 : ILSS versus percentage moisture up-take at 60·e and 95% RH for 
glass fibre reinforced laminates. 
% Moisture up-take ILSS (MPa) STD. DEV (MPa) 
0 44.7 1.6 
0.3 45.6 3.4 
0.6 45.2 2.9 
0.9 45.2 1.6 
1.2 45.9 4.2 
1.5 46.1 3.2 
11 7 
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Figure 41 : The effect of moisture up-take on ILSS at 60 ·e and 95% RH 
glass fibre reinforced laminates. 
4.3.3 Hybrid 4C/16G/4C Laminates 
The effect of moisture up-take on the ILSS after exposed to 60·e and 95% 
RH are tabulated in Table 19 and a plot of the ILSS versus percentage moisture up-
take is shown in Figure 42 below. 
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Table 19 : ILSS versus percentage moisture up-take at 60·C and 95% RH for 
hybrid 4C/16/G4C laminates. 
% Moisture up-take ILSS (MPa) STD. DEV (MPa) 
0 48.7 4.0 
0.6 47.6 6.5 
0.9 44.7 4.6 
1.2 42.5 4.0 
1.5 49.1 4.2 
60 
50 I ! .. 0. !.40 
Cl) 
Cl) 
=I 
3J 
20 
0 0.5 1.5 
% Moisture up-take 
Figure 42 : The effect of moisture up-take on ILSS at 60 ·C and 95% RH for 
hybrid 4C/16G/4C laminates. 
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4.4 Ultrasonic C-scan 
Ultrasonic technique of various natures are most widely used for 
nondestructive evaluation of composites. The basic principle of all ultrasonic 
techniques is the ultrasonic pulses (usually in the frequency range from 1 to 20 MHz.) 
are generated and are either transmitted through a material to a detector yielding 
materials information, or reflected back to a detector by defects or materials 
inhomogeneities(Burke at el. - 1994). The commonly used methods are the well 
known A -, 8 - and C -scans. The A-scan is the wave amplitude plotted along the time 
axis and contains a great deal of information about wave interactions with flaws in the 
materials. It also gives the time history of the echoes received by the transducer. The 
second method is the 8-scan, which is obtained by scanning along a line and 
displaying a flaw map along the plane based on the individual intensity information of 
the A-scan. An image of the sample cross-section is built up. The third method is the 
C-scan. The amplitude of the echo within a provided data gate is monitored at each 
pOint of the interest area, resulting in a grey scale image of the plane that is most 
suitable for visual interpretation. 
The conventional ultrasonic C-scan methods can be used to determine the 
prOjected delamination area, but they cannot resolve accurately the multiple or 
stacked delamination(Finn and Springer - 1991). For the delamination area in this 
study a C-scan NOI ultrasonic technology with pulse-echo and an immersion 
scanning method, Physical Acoustics, was used. 
There are two kinds of data processing in pulse-echo C-scanning : echo level 
amplitude (AMP) view and time of flight (TOF) view. The latter data can be converted 
into a delamination depth view through the transverse sound velocity in the CFRP 
laminates. Typical C-scan images of impacted specimens are shown in Figure 43 to 
45, in section 4.5.1. The measurement of delamination area was carried out with 
image analysing eqUipment. For the purpose of this study the delamination area was 
considered as the projection on the specimen plane of the area delaminated 
considering all the delaminated interfaces. 
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4.5 Compression After Impact (CAI) Test. 
The CAI test is divided into two parts. The first part is low-velocity impact and 
the second part is the measurement of the residual compressive strength. A modified 
Boeing compression test fixture was used to measure the residual compressive 
properties. 
4.5.1 Impact Test 
All the specimens were impacted using a CRAG impact test rig . Visual 
inspection on an impact damage specimens could be described as barely visible, 
except for the impact energy of 9J and above, where slight indentation on the 
impacted surface and visible outer ply fibre breakage was evident on the rear face of 
the specimens. 
From the C-scan assessment, it was found that the 3 J and 6 J impact energy 
level did not inflict any intemal damage or delamination on the specimens, except for 
9 J and above , where the C-scan was able to picks up the delaminated damage 
area. Based on this finding it was decided to use impact energy levels of 9 J, 12 J 
and 15 J throughout this works. An example of the images obtained by the C-scan 
procedure and TOF data are shown in Figures 43, 44 and 45. 
L-...J 10 mm 
Figure 43 : Typical C-scan image of impacted specimen 9J impact energy, carbon 
fibre reinforced laminates. 
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L-J 10 mm 
Figure 44 : Typical C-scan image of impacted specimen 12J impact energy, carbon 
fibre reinforced laminates. 
L-J 10mm 
Figure 45 : Typical C-scan image of impacted specimen 15J impact energy, carbon 
fibre reinforced laminates. 
4.5.2 Impact Damage 
Visually, the impacted surface of the laminates had almost barely visible 
damage, but the back face contained ply splitting. Using the C-scan technique it was 
possible to pick up damage areas due to delaminations. The images produced by the 
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C-scan were then manipulated using colour control to convert them into two tone 
images i.e. black and green then printed using colour printer as shown in Figure 46. 
L---l10 mm 
Figure 46 : Typical two tone C-scan image of impacted 9J carbon fibre 
specimen for measuring damage area. 
This was done to accommodate the ability of the image analyser which can 
analyse two tone images only. From the printed two tone images, impact damage 
areas were measured using image analyser software. The measurement of impact 
damage areas was only done on dry specimens and the results were as follows . 
4.5.2.1 Carbon Fibre Reinforced Laminates 
After impact the extent of damage in carbon fibre reinforced laminates was 
assessed using an ultrasonic C-scanning machine and measurement of the impact 
damage area carried out using the technique described in section 4.5.2. The results 
are tabulated below in Table 20 and shown graphically in Figure 47. All the results 
presented are the average damage area measured from both sides of the test 
specimen. 
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Table 20 : Impact damage areas of carbon fibre laminates after impacted at 9, 
12, and 15 J impact energy. 
Impact Damage Area Mean Damage 
Energy (J) (mm2) Area (mm2) 
9 319 ) 
9 336 ) 333 
9 344 ) 
12 383 ) 
12 385 ) 386 
12 391 ) 
15 484 ) 
15 487 ) 487 
15 491 ) 
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.. 
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Impact Energy (JI 
Figure 47: Damage area vs. Impact energy of carbon fibre reinforced 
laminates. 
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4.5.2.2 Glass Fibre Reinforced Laminates 
After impact the extent of damage in glass fibre reinforced laminates was 
assessed using an ultrasonic C-scanning machine and the measurement of the 
impact damage area was carried out using the technique described in section 4.5.2. 
The results are tabulated below in Table 21 and shown graphically in Figure 48. All 
the results presented are the average damage area measured from both sides of the 
test specimen. 
Table 21: Impact damage areas of glass fibre laminates after impacted at 9, 
12, and 15J impact energy. 
Impact Damage Area Mean Damage 
Energy ( J ) (mm2) Area (mm2) 
9 179 ) 
9 187 ) 189 
9 201 ) 
12 221 ) 
12 244 ) 242 
12 262 ) 
15 267 ) 
15 277 ) 278 
15 289 ) 
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Figure 48 : Damage area vs. impact energy of glass fibre reinforced 
laminates. 
4.5.2.3 Hybrid 4C/16G/4C Laminates 
After impact the extent of damage in hybrid 4C/16G/4C laminates was 
assessed using an ultrasonic C-scanning machine and the measurement of the 
impact damage area was carried out using the technique described in section 4.5.2. 
The results are tabulated below in Table 22 and shown graphically in Figure 49. All 
the results presented are the average damage area measured from both sides of the 
test specimen. 
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Table 22: Impact damage areas of hybrid 4C/16G/4C laminates after impacted at 9, 
12 and 15J impact energy. 
Impact 
Energy (J) 
9 
9 
9 
12 
12 
12 
15 
15 
15 
500 
4SO 
~400 
!l3&l 
.. 
i!!:JOO 
« 
" f2Sl 
13200 
150 
Damage Area 
(mm2) 
215 
237 
240 
296 
308 
312 
379 
394 
398 
.. 
.. 
) 
) 
) 
) 
) 
) 
) 
) 
) 
Mean Damage 
Area (mm2) 
231 
305 
390 
t 
100 -l-. ---;----;----i-----i 
o 5 10 15 20 
Impact Energy (JI 
Figure 49: Damage area vs. impact energy of hybrid 4C/16G/4C laminates. 
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For each material the general trend of increasing impact damage with 
increasing incident impact energy was the same. The measured impact damage 
areas of the three laminates, i.e. carbon fibre, glass fibre and hybrid 4C/16G/4C, are 
presented in Table 23 listed in Appendix. 
4.5.3 Compression Test 
All the specimens were tested in compression using a modified Boeing 
compression test fixture. Prior to testing the specimens were conditioned and then 
placed in a heat sealed bag to avoid drying up. Later the bags were kept in a 
desiccator at room temperature until the compression test took place. 
4.5.3.1 Carbon Fibre Reinforced Laminates 
4.5.3.1.1 Dry condition 
The compressive failure point was defined as the point at which the load 
bearing capability of the specimen dropped suddenly. A measure of the dry condition 
compressive strength was very important because it provides a base-line strength 
against which the CAI strength values can be compared. The measured CAI 
strengths of dry conditioned specimens are presented in Table 24 listed in Appendix, 
and shown graphically against damage areas in Figure 50. 
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Figure 50 : CAI strength vs. Damage area of carbon fibre laminates, 
dry condition. 
4.5.3.1.2 Influence of thermohumid condition at 40·C and 90% RH on 
carbon fibre reinforced laminates. 
The results of CAI strength tests after thermohumid conditioning at 40·C and 
90% RH, which resulted in between 0.2% to 0.6% moisture up-take are presented in 
Tables 25 to 29 and listed in Appendix. 
A measure of unimpacted compression strength under various thermohumid 
conditions is very useful because it provides a reference strength against which the 
CAI strength values can be compared. 
The averages of CAI strength for dry condition and after exposed to 40·C and 
90% relative humidity are presented in Table 30. Figure 51 show the plots of the CAI 
strength against impact energy at various moisture up-take and Figure 52 show the 
plots of CAI strength against percentage of moisture up-take at ranges of impact 
energy. 
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Table 30 : The effect of percentage moisture up-take on CAI strength of carbon fibre 
laminates, unimpacted and impacted at 3, 6, 9, 12 and 15J. 
(40°C and 90% RH) 
Percentage of Moisture 
Conditions Dry 0.2% 0.3% 0.4% 0.5% 0.6% 
MPa 
Unimpacted 446 348 345 381 367 360 
3J 400 411 378 372 327 357 
6J 310 390 406 380 360 351 
9J 259 281 286 317 239 244 
12J 235 241 220 239 226 239 
15J 208 202 228 202 239 190 
500 e Dry 
. 0.20% 
450 . 0.30% 
• • 
. 0.40% 
400 
• 
e O.50% 
.. 350 • . 0.60% C>. !. e • ~ 300 e 
- • Cl c: ,~ 250 I t 0; 
.. 200 
• () 150 
100 
50 
Unlmpacted 3J 6J 9J 12J 16J 
Impact energy (J) 
Figure 51 : CAI strength vs. Impact energy at various percentage moisture up-take of 
carbon fibre laminates ( 40°C and 90% RH). 
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Figure 52 : Effect of percentage moisture up-take on CAI strength of carbon fibre 
laminates, at various impact energies (40°C and 90% RH). 
4.5.3.1 .3 Influence of thermohumid condition at 60°C and 95% RH on 
carbon fibre reinforced laminates. 
The results of CAI strength specimens exposed to thermohumid condition at 
60·C and 95% RH which resulted between 0.3% to 1.5% moisture up-take are 
presented in Tables 31 to 35 listed in Appendix. 
The averages of CAI strength from dry condition and after exposed to 60°C 
and 95% relative humidity are presented in Table 36. Meanwhile Figure 53 show the 
plots of CAI strength against impact energy at various moisture up-take and Figure 
54 show the plots of CAI strength against percentage of moisture up-take at various 
impact energy . 
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Table 36 : The effect of percentage moisture up-take on CAI strength of carbon fibre 
laminates, unimpacted and impacted at 9, 12 and 15J. 
(60°C and 95% RH). 
Percentage of Moisture 
Condition Dry 0.3% 0.6% 0.9% 1.2 % 1.5% 
MPa 
Unimpacted 358 404 295 333 315 351 
9J 260 253 233 256 262 307 
12 J 251 227 199 242 194 207 
15 J 194 206 178 166 181 187 
450 . Ory 
. 0.30% 
400 6 0.60% 
350 
)( 0.90% 
* 1.20% 
.. 300 • . 1.50% "-~ I 
" 
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50 
0 
Unlmpacted 9J 12 J 15 J 
Impact energy (J) 
Figure 53 : CAI strength vs. Impact energy at various percentage moisture up-take of 
carbon fibre laminates (60°C and 95% RH). 
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Figure 54 : Effect of percentage moisture up-take on CAI strength of carbon fibre 
laminates, at various impact energies (60·C and 95% RH). 
4.5.3.2 Glass Fibre Reinforced Laminates 
4.5.3.2.1 Dry condition 
The compressive failure strength was defined as loss of the load bearing 
capability of the specimen. A measure of the dry condition compressive strength is 
very important because it provides a base-line strength against which the CAI 
strength values can be compared. The measured CAI strengths of dry condition 
specimens are presented in Table 37 listed in Appendix, and shown graphically 
against damage areas in Figure 55. 
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Figure 55 : CAI Strength vs. Damage area of glass fibre reinforced laminates, 
dry condition. 
4.5.3.2.2 Influence of thermohumid condition at 60· C and 95% RH 
on glass fibre reinforced laminates. 
The results of CAI strength specimens exposed to thermohumid condition at 
60·C and 95% RH which resulted between 0.3% to 1.5% moisture up-take are 
presented in Tables 38 to 42 and listed in Appendix. 
The averages of CAI strength from dry condition and after exposed to 60·C 
and 95% relative humidity are presented in Table 43. Meanwhile Figure 56 show the 
plots of CAI strength against impact energy at various moisture up-take and Figure 
57 show the plots of CAI strength against percentage of moisture up-take at various 
impact energy . 
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Table 43 : The effect of percentage moisture up-take on CAI strength of glass fibre 
laminates, unimpacted and impacted at 9, 12 and 15J. 
(60°C and 95% RH). 
Percentage of Moisture 
Condition Dry 0.3% 0.6% O.S % 1.2 % 1.5% 
MPa 
Unimpacted 310 311 317 271 265 297 
SJ 255 245 242 238 250 255 
12 J 244 218 217 207 235 244 
15 J 236 214 215 204 210 236 
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Figure 56: CAI strength vs. Impact energy at various percentage moisture up-take of 
glass fibre laminates(60°C and 95% RH). 
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Figure 57 : Effect of percentage moisture up-take on CAI strength of glass fibre 
reinforced laminates, at various impact energies (60°C and 95% RH). 
4.5.3.3 Hybrid 4C/16G/4C Laminates 
4.5.3.3.1 Dry condition 
The compressive failure strength was defined as loss of the load bearing 
capability of the specimen. A measure of the dry condition compressive strength is 
very important because it provides a base-line strength against which the CAI 
strength values can be compared. The measured CAI strengths of dry condition 
specimens are presented in Table 44 listed in Appendix, and shown graphically 
against damage areas in Figure 58. 
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Figure 58 : CAI strength vs. Damage area of hybrid 4C/16G/4C laminates, 
dry condition. 
4.5.3.3.2 Influence of Thermohumid condition of 60°C and 95 % RH 
on hybrid 4C/16G/4C laminates. 
The results of CAI strength specimens exposed to thermohumid condition at 
60°C and 95% RH which resulted between 0.6% to 1.5% moisture up-take are 
presented in Tables 45 to 48 and listed in Appendix. 
The averages of CAI strength from dry condition and after exposed to 50°C 
and 95% relative humidity are presented in Table 49. Meanwhile Figure 59 show the 
plots of CAI strength against impact energy at various moisture up-take and Figure 
50 show the plots of CAI strength against percentage of moisture up-take at various 
impact energy. 
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Table 49 : The effect of percentage moisture up-take on CAI strength of hybrid 
4C/16G/4C laminates, unimpacted and impacted at 9, 12 and 15J. 
(60°C and 95% RH). 
Percentage of Moisture 
Condition Dry 0.6% 0.9% 1.2% 1.5% 
MPa 
Unimpacted 384 341 323 336 294 
9J 273 249 239 235 243 
12 J 240 237 230 231 220 
15 J 227 226 216 212 203 
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Figure 59 : CAI strength vs. Impact energy at various percentage moisture up-take of 
hybrid 4C/16G/4C laminates (60°C and 95% RH). 
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Figure 60 : Effect of percentage moisture up-take on CAI strength of hybrid 
4C/16G/4C laminates, at various impact energies 
(60·C and 95% RH). 
4.6 Microscopic Examination 
The impacted specimens were cut using a diamond wheel cutter. Part of the 
specimen of interest was mounted in a thermosetting resin. Preparation of the 
specimen involved grinding it with wet silicon carbide papers. The grit size of the 
papers used were increased from 200 to 1000. Fine scratches were then removed by 
polishing on a 6 I!m diamond wheel followed by a 1 ~ diamond wheel. After this 
polishing the specimens were ready for optical microscopic work. Unfortunately the 
impacted specimens were found to be damaged due to the cutting action. Therefore 
it was decided to mount the whole impacted specimen in a mounting material and 
after it hardened over night than the mounted specimen was cut. This technique was 
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found to be suitable since it minimised the effect by the cutting action on the 
fractured fibres and matrix within the damage zone. 
Impact pOint 
1-_--'11 mm 
Figure 61 : Impacted with 9 J impact energy, carbon fibre laminates dry 
condition. 
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Impact point 
! .' 
'--_....11 1 mm 
Figure 62 : Impacted with 12 J impact energy, carbon fibre laminates dry 
condition. 
Delamination Impact point Fibre breakage 
'--_....111 mm 
Figure 63 : Impacted with 15 J impact energy, carbon fibre laminates dry 
condition. 
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The damages observed of the carbon fibre reinforced, glass fibre reinforced 
and hybrid 4C/16G/4C specimens consist primarily of delaminations between plies, 
together with a number of associated transverse cracks and also fibres breakage; 
examples of the typical impact damage in carbon fibre reinforced specimens are 
shown in Figures 61, 62 and 63. 
The nature of the damage formed during impact loading of composites has 
been extensively reported and consists primarily of delaminations with 
interconnecting shear cracks(Cantwell and Morton, 1989). 
Intralaminar cracking and interlaminar cracking are the two broad modes 
considered in the composite laminates. Intralaminar cracking also known as 
transverse cracks are caused primarily by the in-plane stresses in a layer (lamina) of 
unidirectional fibres, in which matrix cracks occur parallel to the fibre direction and 
transverse to the applied load. Interlaminar cracking is due mainly to the interlaminar 
stresses associated with the anisotropic interaction of the laminating layers. Such a 
cracking mode is commonly known as delamination. The delamination and transverse 
crack produced a characteristic 'top-hat' shape of damage. 
It has been shown(Wang and Vu-Khanh - 1991) that the delamination at each 
interface was initiated from the transverse cracks in the layer above the interface and 
it propagated in the fibre direction of the layer below the interface. 
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CHAPTER 5: DISCUSSIONS 
5.1 Moisture up-take 
In the discussion which follows. degradation mechanisms will be introduced, 
which relates to epoxy based resins. Degradation of plastics may be brought about 
by two means, i.e. physical and chemical. Physical degradation is the deterioration of 
resin properties without breaking chemical bonds. It is associated with moisture and 
solvents. As opposed to chemical deterioration, physical degradation may be 
reversible. Moisture can chemically attack both resin and fibre (especially glass fibre). 
These processes are extremely slow, and the primary corrosion mechanism is 
physical, caused by moisture diffusion into the matrix. Chemical degradation is the 
deterioration of a resin, or composite, in which chemical bonds are broken. This may 
include an attack on the reinforcing materials as well as on the resin matrix. 
It is well known that laminates are not as resistant to attack as are resin 
castings (Kasturiaraehchi and Pritchard, 1983). As pOinted out above some of the 
damage is physical, caused by diffusion of moisture into the laminates, where it can 
collect at the fibre-resin interfaces. The accommodation of moisture in crosslinked 
epoxides is a complex matter. It appears probable that much of the moisture is bound 
to hydroxyl and other polar groups, rather than in the free state(Naeem, 1985). 
As stated previously, under service conditions a component may take many 
years to reach its equilibrium moisture content. To test composite materials in moist 
condition they have to be conditioned at an elevated temperature in order to reduce 
the time. Boiling water has been used as a quick method to condition specimens 
where equilibrium moisture content can be reached in a short time, but it is not 
satisfactory because it tends to leach soluble components from the resin and 
fibre/resin interface. Conditioning is better done in warm humid air. It was therefore 
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decided to use a climatic chamber to condition all the samples through out this 
project. The results for the moisture up-take were taken from unimpacted specimens. 
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Figure 64: Percentage moisture up-take of unimpacted carbon, glass and hybrid 
specimens exposed to thermohumid conditions as a function of time (day *). 
The experimental results from both conditions are plotted as in Figure 64. 
From the graphs the absorption mechanism up to the 60th day for carbon fibre 
reinforced laminates exposed to a 40°C and 90% RH condition appear to follow, at 
least approximately, Fickian behaviour. However, the same absorption mechanism 
was observed for the other specimens which were being exposed to 60°C and 95% 
RH for 81 days. The definition of Fickian behaviour is that the percent moisture up-
take increases linearly with the square root of time(Springer, 1988). This behaviour is 
usually followed by a levelling of the moisture up-take (saturation). 
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The weight gain due to the moisture up-take for all the samples was still 
increasing after 60 days, and even up to 81 days. For all specimens tested, it was 
observed that the initial percent moisture up-take increased linearly with the square 
root of time but there was no sign of the moisture up-take levelling off. This could be 
due to the exposure time, which was not long enough for the materials to reach an 
equilibrium point, or for the materials to behave in a non-Fickian way (also known as 
two phase diffusion behaviour). The structure of epoxies can be easily modified by 
varying the appropriate components. One may therefore expect the absorption 
behaviour to vary from system to system, and even within systems depending on 
chemistry, degree of cure, and other factors. Based on 81 days of exposure to the 
thermohumid conditions, the absorption behaviour for 913 Prepreg, at all conditions 
tested, resembled to Fickian behaviour (see Figure 64). The 913 Prepreg is known to 
contain two epoxy resin types and a further additive with dicyandiamide hardener (see 
Chapter 3 ). So therefore it is possible that each resin has different diffusion 
characteristics. 
In a study by Naeem(1985) using 913 Prepreg, based on 40 days exposure at 
60°C and 95% RH, he found that the laminates reached equilibrium level and 
exhibited Fickian behaviour. Even though the same material and thermohumid 
conditions were used for this study, the conditioned laminates did not recorded 
equilibrium level even after 81 days of exposure. The obvious difference was the 
specimen thickness, where Naeem(1985) used 2 mm and for this study, 3 mm. The 
thinner specimen reached maximum level of moisture up-take in shorter exposure 
time, whereas thicker specimen required longer time. This could be the explanation as 
to why the maximum level of moisture up-take was not achieved in this study, see 
Figure 64. The Fickian behaviour had also been observed by Bibo et al(1997) but this 
. time the 913 Prepreg laminates were immersed in a temperature-controlled bath of 
water at 70°C for six months. 
Bonniau and Bunsell (1981) found that the hardener used to cure the epoxy 
resin had an effect on the diffusion kinetics for cured glass fibre reinforced laminates. 
A diamine hardener resulted in classical Fickian diffusion behaviour, whereas a 
dicyandiamide hardener exhibited a two phase diffusion behaviour, and an anhydride 
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hardener resulted in irreversible damage due to leaching of the resin from the surface 
of the specimens at temperatures of 40°C and above, which make it impossible to 
describe the diffusion behaviour. 
From the graph in Figure 64 there is a significant difference in the rate of 
moisture up-take between the samples exposed at 40°C, 90% RH, and the samples 
exposed at 60°C, 95% RH. The rate of moisture up-take increased with temperature 
and humidity, as expected. Further tests on the effect of these parameters were 
beyond the scope of this study due to constraints in time and finance. 
From the graph, Figure 64, for therrnohumid conditions of 60°C and 95% RH, 
it was observed that there was a very slight difference in the rate of moisture up-take 
between carbon , hybrid and glass fibre specimens. The carbon fibre laminates 
exhibit slightly higher absorption, followed by the hybrid laminates and then by the 
glass fibre laminates. In this case the matrix used was the same, but the reinforcing 
fibres which were of carbon or glass, and the volume fibre fraction of 60% and 65% 
respectively, were different. 
The rate which moisture is absorbed by a composite depends on many 
variables, including fibre type, matrix and temperature, the difference in water 
concentration within the composites, environment, and whether the absorbed 
moisture reacts chemically with the matrix. Most of the environmental degradation in 
the composites is caused by a combination of temperature and moisture (Hann, 
1985). Wright (1981) has Observed that both the rate of moisture up-take and the 
amount of moisture absorbed depend on the chemical structure of resin and 
crosslinking agent, together with temperature and relative humidity. 
There are two main variables that could influence the rate of moisture up-take 
in this work, these are fibre type and fibre volume fraction. Carbon fibres are inert to 
most environments except to high temperature oxidising atmospheres, and for the 
glass fibres the effect of therrnohumid conditions used in this study was negligible, 
therefore the fibre effect was not serious enough to be taken into consideration. In 
glass and carbon fibre composites the majority of moisture is absorbed by the resin 
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matrix(Dorey, 1980). In the carbon laminates the fibre volume fraction was about 60% 
and in the glass laminates it was about 65%, in other words the percentage of resin 
matrix in the carbon laminates was higher compared to the resin matrix in the glass 
laminates. This may be the reason for the higher moisture absorption observed in the 
carbon laminates, see Figure 64. Rao et al.(1984) investigated the effect of fibre 
volume fraction on equilibrium moisture contents, and they observed that for glass-
epoxy composites, the rate of moisture up-take decreased with increasing fibre 
fraction. For the hybrid laminates, which consisted of carbon and glass, the rate of 
moisture up-take was not surprisingly, between carbon and glass, as in Figure 64. 
The major factor influencing moisture up-take in glass fibre reinforced epoxy 
composites was found to be the composite void content (Thomason, 1995). 
Thomason (1995) also found that the nature of the curing agent, and in particular the 
epoxy resin/curing agent ratio, was found to have an important effect on moisture up-
take. Harper et al.(1987) briefly described the effect of voids on moisture absorption 
in carbon fibre reinforced epoxy laminates. They found that the void content was a 
factor which dominates the moisture absorption characteristics both in term of the 
initial rate of absorption and final equilibrium level. Woo and Piggot (1988) have 
produced a theoretical analysis which indicates that voids have a diffusivity 15 times 
greater than that of the epoxy composites. However, in this work all samples were 
ultrasonically and optically tested, and appeared to be free from any manufacturing 
defects, including voids. 
5.2 Dynamic Mechanical Thermal Analysis Observations 
Dynamic mechanical thermal analysis tests have the ability to characterise the 
interfacial properties, and the contribution of the interface to the DMTA results can be 
isolated from the contributions of the matrix and fibre. The Tan measurement is a 
sensitive indicator of all kinds of molecular motions that are taking place in a material. 
In a composite material, the molecular motions at the interfacial region generally 
contribute to the damping of the material in addition to those of the matrix and 
reinforcement. Any decrease in the bonding strength at the fibre/matrix interface, due 
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to moisture up-take, should be reflected by an increase in the measured values of 
Tan 1>. 
The dynamic mechanical properties of carbon fibre reinforced laminates, and 
the effect of percentage moisture up-take on the Tan 1>, and modulus E', after 
exposure to 40°C & 90% RH and 60°C & 95% RH respectively, are shown in Figures 
27, 28, 30 and 31. Figure 27 and Figure 30 illustrate the effect of moisture up-take on 
the measured values of Tan I> throughout the temperature range studied. The Tan I> 
curve of the dry specimen is included for comparison. As compared to the dry values, 
the moisture up-take by the matrix has given rise to a significant effect on the 
damping behaviour in which the position of the oc - transition peaks are shifted to a 
lower temperature with a slight change in intensity of the peaks. 
The origin of oc - transition peak is believed to arise from the ruptures of 
hydrogen bonds between polymer chains and, the formation of a water bridge 
between them, which gives rise to the motions of long chain segments in the 
amorphous region of the bulk(Mc Crum, Read and Williams, 1967). 
The oc - transition peak temperature T g in Figure 27 is shifted downward with 
increasing specimen moisture up-take, for example from 208°C for the dry condition, 
to 182°C for 0.8% moisture up-take by weight. In Figure 30 the oc - transition peak 
temperature Tg is shifted downward with increasing specimen moisture up-take from 
208°C for the dry condition, to 139°C for 1.5% moisture up-take by weight. 
The dynamic mechanical properties of glass fibre reinforced laminates, and 
the effect of percentage moisture up-take on the storage Tan 1>, and modulus E', after 
exposure to 60°C and 95% RH, are shown in Figures 33 and 34. The oc - transition 
peak temperature Tg in Figure 33 is shifted downward with increasing moisture up-
take by the specimen from 209°C for the dry condition, to 130°C for 1.5% moisture 
up-take by weight. 
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The dynamic mechanical properties of hybrid 4C/16G/4C laminates, and the 
effect of percentage moisture up-take on the storage Tan 6, and modulus E', after 
exposure to 60°C and 95% RH, are shown in Figures 36 and 37. The ex - transition 
peak temperature Tg in Figure 36 is shifted downward with increasing moisture up-
take by the specimen from 208°C for the dry condition, to 132°C for 1.5% moisture 
up-take by weight. 
At a temperature around the Tg of the matrix, the molecular chains have high 
mobility, and damping of the composites is due primarily to the matrix. Therefore, the 
damping should be simply related to the matrix content(Dong, 1993). Composites of 
stiffer materials tend to produce a broader tan delta peak than the ductile materials 
(Akay, 1993). However, from Figures 27, 30, 33 and 36 it is apparent that a 
consequence of absorbed moisture in this work is that, the ex - transition peaks, in the 
conditioned specimens are broadened as compared to the corresponding dry one. 
The broadening of the ex - transition peaks is due to the presence of absorbed 
moisture, which seems to hinder chain movement in the conditioned samples. 
The T g is an important parameter when considering moisture transfer 
processes. The T g is also a convenient parameter related to the molecular structure 
of the materials. The moisture acts as a plastiCiser, thus lowering the glass transition 
temperature, Tg of the resin, and consequently, degradation of its properties. 
Maxwell and Pethrich(1983) proposed that depression of Tg is caused by disruption 
of strong hydrogen bonds in cured epoxy network, and their replacement with weaker 
water-related hydrogen bonds. The lowering of Tg with increasing moisture up-take is 
illustrated in Figure 65. The results show that the Tg for the materials tested under 
therrnohumid conditions produce similar trends in lowering the Tg as the percentage 
moisture up-take increased. The reduction in Tg is approximately linear with moisture 
up-take. 
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Figure 65 : Effect of moisture up-take on glass transition temperature Tg °C 
of carbon, glass and hybrid laminate specimens. 
From Figure 65, for the carbon fibre reinforced laminates specimen, exposed 
to 95% RH at 60·C, the Tg decreased by about 69·C with a moisture up-take of 
1.5%, which is approximately at the rate of about 46°C per every 1 % moisture 
absorbed. Meanwhile, for the glass fibre reinforced laminates specimen, the Tg 
decreased by about 79°C (approximately, about 53°C per every 1 % moisture 
absorbed) and by about 76°C (approximately, about 51°C per every 1% moisture 
absorbed) for the hybrid 4C/16G/4C laminates specimen, which both recorded a 
moisture up-take of 1.5%. The results did show a direct relationship between Tg and 
percentage moisture up-take, i.e. a decreasing in Tg with increasing in percentage 
moisture up-take. 
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5.3 Interlaminar Shear Strength (ILSS) 
The ILSS was measured using the short span flexure test, which causes 
failure to occur by shear along the fibre direction and not by flexure. The measured 
ILSS is affected by the type of matrix and fibre-matrix interface. Interfacial properties 
are heavily dependent on the matrix modulus, cohesive strength of interfacial region, 
and the interactions at the fibre-matrix interface(Rao and Drzal, 1991). Normally, for a 
given matrix, adhesion of the fibre to the matrix resin is the dominant factor in the 
ILSS of the composite(Skoulis, Duvis and Papaspyrides, 1993). ILSS is a measure of 
the degree of adhesion between matrix and reinforcement. 
The mechanical properties of a fibre-matrix composite depend not only on the 
properties of each primary compound but also on the nature of the interface, or the 
locus of polymer/fibre interaction. It has long been recognised that the fibre-matrix 
interface in a composite exerts a strong influence on the shear properties of 
composite laminates. It also affects the ability of the matrix materials to transfer stress 
among the reinforcement fibres. It has been proved that the bonding strength 
between matrix and fibres is decreased by moisture (Ishai and Lavengood, 1971, 
Field and Ashbee, 1972). Moisture absorption has been shown to lead to a general 
reduction in the mechanical properties of compOSites, and this has been attributed, in 
part, to the degradation of the fibre-matrix interfacial bond (Lee and Peppas, 1983). 
The effect of moisture up-take on ILSS for all the materials tested, under 
various thermohumid conditions, are plotted in Figure 66. The ILSS did not always 
decrease but sometimes showed a slight increase as the percentage of moisture 
increased, Figure 66. This was due to the scatter of the experimental results rather 
than to any significant effect of moisture. The scatter of the experimental results 
could be due to the interfaCial bond between the fibre and the matrix varying in the 
slab or, voids present in the slab. It has been shown that regardless of resin type, 
fibre type and fibre surface treatment, the intenaminar shear strength of composite 
materials decreases by about 7 percent for each 1 percent of voids, up to a total void 
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content of 4 percent (Judd and Wright, 1978). According to Judd and Wright, voids 
also reduce the magnitude of the following mechanical properties: 
i) Interlaminar shear strength, 
ii) Longitudinal and transverse flexural strength and modulus, 
iii) Longitudinal and transverse tensile strength and modulus. 
Each set of specimens, subject to specific conditions of temperatures and 
humidity, were from different slabs. Therefore it may be possible, that the interfacial 
bond between the fibre and the matrix varied from slab to slab, hence producing the 
scatter in results. In a number of cases this variation may have been greater than any 
effect created by moisture absorption. 
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Figure 66: The effect of moisture up-take on ILSS of carbon, glass 
and hybrid laminate specimens. 
When the carbon fibre reinforced laminates specimens were conditioned at 
40·C and 90% RH and tested up to 60 days, the results did show a relationship 
between percentage absorbed moisture and percentage drop in ILSS. The ILSS 
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decreased by 24% from 43.4 MPa to 33.1 MPa after the specimen absorbed about 
0.9% of moisture. This decrease in ILSS was mainly due to the degrading effect of 
mOisture on the matrix as seen in DMTA results (described in section 5.2). It was also 
due to the degradation at the fibre/matrix interfaces as apparent in SEM examination, 
details described later in this section. Meanwhile for carbon fibre reinforced laminates 
specimens that were conditioned at 60°C and 95% RH, the ILSS decreased by about 
17% from 47.1 MPa to 39.1 MPa. 
From Figure 66, it was observed that ILSS for carbon fibre reinforced 
laminates, exposed at 40°C and 90% RH, and to 60°C and 95% RH, behaved 
differently. Up to 0.6% moisture up-take level, ILSS between the two are almost the 
same but as the percentage of moisture increases, the ILSS for specimens exposed 
at 40°C and 90% RH, dropped rapidly when compared to the ILSS exposed at 60°C 
and 95% RH. The degradation of ILSS in specimens exposed at 40°C and 90% RH 
could be due to the length of time in which the specimens were being exposed under 
the thermohumid condition. For example, time taken for specimens exposed at 40°C 
and 90% RH to record 0.6% moisture up-take was 60 days, whereas specimens 
exposed at 60°C and 95% RH took 14 days to record the same moisture level. A 
possible explanation is that for specimens exposed at 40°C and 90% RH, there was 
enough time for the moisture to be absorbed into the centre of the specimens, and 
thus degrade the fibre/matrix interface properties in that region, where interlaminar 
shear failure occurs. Meanwhile for specimens exposed at 60°C and 95% RH, most 
likely all the moisture absorbed remained on the outer layers, unable to penetrate 
deeper due to limited time. 
In complete contrast to the carbon fibre reinforced laminates, the glass fibre 
reinforced laminates and hybrid 4C/16G/4C laminates exhibit little or no change or 
reduction in their ILSS values, see Figure 66. Comparisons between them, show 
trends of ILSS values affected by the moisture up-take, being almost similar, this 
could be due to the percentage of glass fibres in the hybrid being quite high, about 
67% per specimen. The four outermost plies of the hybrid 4C/16G/4C laminate 
specimens consisted of carbon fibres and that left the middle part of the specimen of 
glass fibres, where interlaminar shear cracking occurs. Therefore, both glass and 
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hybrid specimens behaved in similar manner in term of ILSS and also DMTA 
properties. 
A comparison of Figure 67 and Figure 68, which show SEM micrographs of 
fracture surfaces of carbon fibre laminate specimens in the dry condition, against 
specimen with 1.5% moisture up-take, shows that the matrix material has become 
plasticised. The brittie features and good fibre-matrix adhesion in the polymer matrix 
of the dry conditioned specimens are virtually absent in the conditioned specimen. 
This can serve as a visual explanation for the changes that were seen in terms of 
loss in strength in the composite laminates due to matrix degradation. 
Figure 67 : SEM micrograph of carbon fibre laminate in dry condition. 
(ILSS specimen) 
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Figure 68 : SEM micrograph of carbon fibre laminate with 1.5% moisture up-take. 
(ILSS specimen) 
Figure 69 : SEM micrograph of glass fibre laminate in dry condition. 
(lLSS specimen) 
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Figure 70: SEM micrograph of glass fibre laminate with 15% moisture up-take. 
(ILSS specimen) 
Figure 71 : SEM micrograph of glass fibres in hybrid 4C/16G/4C laminate in 
dry conditio.n. (ILSS specimen) 
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Figure 72: SEM micrograph of glass fibres in hybrid 4C/16G/4C laminate with 15% 
moisture up-take. 
Scanning electron micrographs of glass fibre reinforced and hybrid 
4C/16G/4C laminates are produced in Figures 69 to 72. The SEM micrographs for 
hybrid 4C/16G/4C were taken from the centre portion of the specimens, as explained 
earlier, they consisted of glass fibres, which explains why the SEM micrographs of 
the glass and the hybrid specimens looked the same. The figures show that the dry 
specimens were characterised by brittle matrix fracture and good fibre-matrix 
adhesion. Meanwhile, conditioned specimens exhibit ductile matrix failure, but it was 
also noted that the fibres still had bits of matrix material adhering to them, indicating 
better adhesion between the fibre and the matrix. This can serve as a visual 
explanation as to why there was very little changes in the ILSS in the glass fibre and 
hybrid 4C/16G/4C composite laminates, see Figure 66. 
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5.4 Impact Damage 
None of the current specifications for CAI strength tests require the impact 
part of the test to be instrumented. In this work a free drop impactor was used to 
initiate the damage. The major forms of impact damage were matrix cracks, 
delamination and at higher incident energies, fibre fracture. In the impact phase, the 
specimen was supported around the edges and was therefore free to deflect as a 
membrane, creating membrane stress and strain fields. The central region under the 
impactor was subjected to an additional local stress field, which typically created a 
complex mixture. of localised damage, including top surface fibre failure, 
microcracking, transverse and longitudinal compressive failures, and delamination. 
The membrane deflection was accompanied by a through thickness shear stress, 
which caused one or more delaminations to propagate from the central damage 
zone, generally close to the mid-plane. This delamination promoted local buckling 
failures in the subsequent compression test. 
In an effort to quantify the damage size of impacted composite laminates and 
their role in mechanical properties degradation, both ultrasonic C-scan and high-
intensity light were used in this study. Delamination was identified as one important 
apparent damage mode. However, because of the difficulties involved in determining 
delamination area and location at each laminate interface, the determination of 
overall delamination area in this study was based on projecting delamination areas at 
all interfaces onto a single plane, i.e. enveloping the delamination areas at all 
interfaces. The projected delamination areas was then measured using image 
analyser software. 
The delamination damage revealed by the ultrasonic C-scan is of most 
interest since it is this damage which causes the degradation in CAI strength(Bishop 
and Dorey, 1983). It is well known that impact damaged laminates experience 
significant strength reductions when loaded in compression, compared to undamaged 
laminates due to local instabilities arising from existing damage(Kim at el., 1993). 
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Tougher systems reduce impact induced delamination damage for a given 
blow of impact energy, which translates to superior strength retention. From the 
graph, Figure 73, it can be observed that the glass fibre reinforced laminates would 
be expected to have superior strength retention compared to carbon fibre reinforced 
laminates, and hybrid 4C/16G/4C laminates, because of the smaller damage area. 
For the same impact energy, glass fibre reinforced laminates (higher strains to failure) 
exhibit less delamination damage than carbon fibre reinforced laminates. Since the 
hybrid 4C/16G/4C laminates contained 67% glass fibres, it is not surprising that the 
delamination damage was slightly bigger than for the glass laminates, but still smaller 
compared to carbon fibre laminates. The ability of a composite to absorb energy is 
also dependent on the strain energy to failure of the fibres(Dorey, 1987). For two 
composites manufactured with the same matrix, Cantwell et al.(1986), found in 
carbon fibre reinforced specimen the damage area after impact to be considerably 
less in a high strain fibre composite than the standard high strength fibre composite. 
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Figure 73 : Damage areas vs. impact energy for all laminates, dry condition. 
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Another approach to obtaining detailed maps of impact damage consists of 
sectioning throughout the damage zone. After careful preparation, microscopic 
observation of the cross-section can be used to evaluate the distributions of 
delamination and matrix cracking through-the-thickness of the specimen. The 
delamination mapping carried out for carbon , glass and hybrid laminates give an 
accurate description of damage in the through thickness direction. These maps 
drawn for the 9, 12 and 15 J impacts are shown in Figures 74 to 82. 
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Figure 74 : Delamination map of carbon fibre laminates, following impacted 
with 9J (dry condition). 
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Impact Point ! 12 J 
Figure 75 : Delamination map of carbon fibre laminates, following impacted 
with 12J (dry condition). 
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Figure 76 : Delamination map of carbon fibre laminates, following impacted 
with 15J (dry condition). 
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The most predominant type of damage throughout the carbon fibre laminates, 
was a network of interconnecting delaminations and transverse cracks, and for higher 
impact energies, fibre fracture, see Figures 74, 75 and 76. In Figure 76, at 15J 
impacted energy, damage is in the form of transverse cracks, delaminations and fibre 
breakage were extensive throughout the thickness of the carbon fibre laminates. 
From the figures, the significant delamination occurred between plies o· and 90·. 
Thus it was observed that the interface between O· and 90· laminates offers an easy 
path for delamination propagation. Transverse cracks predominantly occurred in the 
double O· plies and few were found in the double +45· plies. They are fairly uniformly 
spaced around the axis of impact. In fact, these transverse cracks seemingly serve to 
connect the 0· /90· delaminations. The delamination and transverse crack produced a 
characteristic' top-hat ' shape of damage. All the delaminations tended to increase 
somewhat in area, on progressing from the impact point. 
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Figure 77 : Delamination map of glass fibre laminates, following impacted 
with 9J (dry condition) 
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Figure 78 : Delamination map of glass fibre laminates, following impacted 
with 12J (dry condition). 
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Figure 79 : Delamination map of glass fibre laminates, following impacted 
with 15J (dry condition). 
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Figures 77, 78 and 79 show the damage maps of glass fibre laminates, 
impacted with 9, 12 and 15 J respectively. In contrast to carbon fibre laminates, the 
delamination in glass fibre laminates occurred significantly between ± 45° and only at 
higher impact energy did more delaminations occur between the plies of 0° and 90°. 
Transverse cracks are evident in the 90° plies at a lower impact energy. As the 
impact energy increases, transverse cracks were also observed in the 0° and ±45° 
plies. Damage shape in the form of 'top-hat' was not so obvious for glass fibre 
laminates compared to carbon fibre laminates, but slightly evident as the impact 
energy increases to 12J and 15J. The same behaviour was observed for the hybrid 
4C/16G/4C laminates, plus some fibre breakage was observed at the higher impact 
energy, 15 J, see Figures 80, 81 and 82. Fibre breakage was confined to the outer 
plies of the hybrid laminates which were made from carbon fibre prepreg material. 
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Figure 80 : Delamination map of hybrid 4C/16G/4C laminates, following impacted 
with 9J (dry condition). 
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Figure 81 : Delamination map of hybrid 4C/16G/4C laminates, following impacted 
with 12J (dry condition). 
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Figure 82 : Delamination map of hybrid 4C/16G/4C laminates, following impacted 
with 15J (dry condition). 
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From the delamination damage maps of the carbon fibre, glass fibre and 
hybrid 4C/16G/4C laminates in Figures 74 to 82, it was observed that the carbon fibre 
reinforced specimens experienced quite a serious impact damage compared to the 
glass fibre and hybrid 4C/16G/4C laminates. This is as expected, which was then 
confirmed by the damage area measured by the C-scan, see Figure 73. Damage 
area of the carbon fibre reinforced specimens was much bigger than the damage 
area for the glass fibre and hybrid 4C/16G/4C specimens. The glass fibres have a 
greater strain to failure, which gives them the ability to absorb the impact energy 
better than the carbon fibres. Besides that, the interface properties of the glass fibre 
and the matrix were found to be better than the carbon fibre specimen. This was 
evidenced by the ILSS results (section 5.3) and SEM micrographs of the carbon fibre 
and glass fibre laminates in Figures 67 to 72. 
5.5 Compression After Impact (CAI)Test 
Although no ISO or ASTM standards have yet been issued for CAI, a de-facto 
standard has evolved out of a test configuration used at Boeing and this has now 
been formalised by SACMA. The CAI test is very expensive to perfonm. The size of 
laminates for the SACMA test is 4mm x 152mm x 102mm which is equivalent to about 
0.5 square meters of prepreg in each specimen, without making any allowance for 
waste due to cutting and trimming during lay-up and machining prior to test. Also the 
compressive loads generated on such large thick specimens necessitates high 
capacity compression testing machine (failure loads can range from 50 - 160 kN). 
5.5.1 CAI test on unimpacted specimen 
A measure of the undamaged compression strength is very useful, because it 
provides a base-line strength against which CAI strength values can be compared. 
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Having said this, the miniaturised CAI test fixture used in this study for measuring the 
residual compression strengths was not ideal. In this work two types of failures were 
observed in the unimpacted specimen, there were by failure in the free end region of 
the specimen, and by end crushing. The majority of the failures occurred in the free 
end region of the specimen which was not supported by the ABG; i.e. between the 
loading plate and the top of the side supports on the ABG itself. These compression 
failures were characterised by local buckling and evidence of fibres kinking. A 
photograph of typical failures are shown in Figure 83. A smaller number of failures 
occurred by end-crushing which was mainly observed in carbon fibre reinforced 
specimens, but less in glass fibre specimens, and none in hybrid 4C/16G/4C 
specimens. A photograph of an end crushing failure is shown in Figure 84. However, 
no trend was apparent in the strength values for the two different types of failure and 
consequently the type of failure, was not considered when calculating the average 
CAI strength values. 
The end crushing failure will always be a problem for this type of loading 
arrangement. It seems likely that this type of failure was initiated by stress 
concentrations caused by slightly uneven specimen ends. Instead of the load being 
introduced evenly across the full width of the specimen it became concentrated at 
slightly raised areas causing failure to occur. The problem could be overcome by 
improving the method used to manufacture the specimens. For example by milling or 
grinding the ends to ensure that they are flat. Because this problem occurred in only 
a very small number of cases when unimpacted specimens were being tested, (and 
not at all for the impacted CAI specimens), the values of the strength obtained were 
taken as valid. Moreover, as all samples failed by the same mechanism it was 
considered possible to make comparisons. 
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(a) (b) (c) 
L---11 mm 
Figure 83 : Compression failure of CAI specimens at the free end region for 
(a) carbon fibre (b) glass fibre and (c) hybrid 4C/16G/4C. (10X magnification) 
(a) (b) 
L-J1 mm 
Figure 84 : End-crushing failure for (a) glass fibre and (b) carbon fibre. 
(10X magnification) 
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Figure 85 shows a C-scan image of an unimpacted specimen, in which 
compression failure occurred in the free end/unsupported region. Failures in the same 
region were reported by Rhodes et al.(1979) and Prichard(1991). They suggest that 
strain concentrations develop in the unsupported region due to local deformations. 
This appears to be a reasonable explanation. However, they also suggested that the 
failures occurred at the onset of buckling. No evidence can be offered to confirm or 
deny this observation since displacements in the unsupported region were not 
monitored. Having said this, the results reported in this section clearly show that 
global specimen buckling occurred well before final failure and it would seem likely 
that the material in the unsupported region would also have buckled. 
CAI strength values measured for the unimpacted specimens under dry 
conditions can be compared. The value obtained for the carbon fibre laminates was 
358 MPa, for the glass fibre laminates, 310 MPa, and for the hybrid 4C/16G/4C, 384 
MPa. When the CAI strengths of the carbon fibre laminates and the glass fibre 
laminates are compared the test shows that the carbon fibre laminates are stronger 
.than the glass fibre laminates, which is the expected result. The fact that the hybrid 
4C/16G/4C laminates was stronger than the carbon fibre laminates was slightly 
surprising. 
(a) (b) 
L-.J 10 mm 
Figure 85 : Typical C-Scan images of unimpacted specimen (a) before and. 
(b) after compression. 
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Figure 85 shows a C-scan image of an unimpacted specimen, in which 
compression failure occurred in the free end/unsupported region. Failures in the same 
region were reported by Rhodes et al.(1979) and Prichard(1991). They suggest that 
strain concentrations develop in the unsupported region due to local deformations. 
This appears to be a reasonable explanation. However, they also suggested that the 
failures occurred at the onset of buckling. No evidence can be offered to confirm or 
deny this observation since displacements in the unsupported region were not 
monitored. Having said this, the results reported in this section clearly show that 
global specimen buckling occurred well before final failure and it would seem likely 
that the material in the unsupported region would also have buckled. 
CAI strength values measured for the unimpacted specimens under dry 
conditions can be compared. The value obtained for the carbon fibre laminates was 
358 MPa, for the glass fibre laminates, 310 MPa, and for the hybrid 4C/16G/4C, 384 
MPa. When the CAI strengths of the carbon fibre laminates and the glass fibre 
laminates are compared the test shows that the carbon fibre laminates are stronger 
than the glass fibre laminates, which is the expected result. The fact that the hybrid 
4C/16G/4C laminates was stronger than the carbon fibre laminates was slightly 
surprising. 
(a) (b) 
L-.J 10 mm 
Figure 85 : Typical C-Scan images of unimpacted specimen (a) before and 
(b) after compression. 
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5.5.2 CAI test on impacted specimen 
In contrast to the tests on previously unimpacted specimens the compression 
failure of all impacted specimens (carbon fibre, glass fibre and hybrid 4C/16G/4C) 
occurred within the anti buckling guide (ABG). The impacted specimens for the 
carbon fibre, glass fibre , and hybrid 4C/16G/4C, failed in two compressive modes 
under axial compression. They were either fractured in V-notched type failure, or 
sheared type failure that were formed at approximately 45° to the direction of axial 
force, with the fonner being the more common type of failure mode (Figures 86 and 
87 ). More than 60% of the specimens failed in V-notched type mode, where the 
delamination buckling occurred for both sides of the surfaces of the specimen. 
Failure of impacted specimens in compression has been found to be due to 
the delaminations propagating sideways, perpendicular to the compression loading 
direction, see Figure 88 to 90 below. The red arrows shown in the figures indicate 
the direction of compressive forces. Ultrasonic C-scans confinned that the 
delamination damage grew transverse to the loading direction during the 
compression test with very little extension of damage in the loading direction. This 
agrees with the findings of Bishop & Dorey (1983) and Prichard & Hogg (1990). 
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(a) (b) (cl 
L..J 1 mm 
Figure 86 : V-notched type of failure for (a) carbon fibre (b) glass fibre 
and (c) hybrid 4C/16G/4C laminates. (10X magnification) 
(a) (b) (c) 
L-J 1 mm 
Figure 87 : Sheared type of failure for (a) carbon fibre (b) glass fibre 
and (c) hybrid 4C/16G/4C laminates. (10X magnification) 
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(a) (b) 
LJ10mm 
Figure 88 : Typical C-Scan images of 9 J impacted specimen of carbon fibre, dry 
condition (a) before and (b) after compression. 
(a) (b) 
L....J 10 mm 
Figure 89 : Typical C-Scan images of 12 J impacted specimen of carbon fibre, dry 
condition (a) before and (b) after compression. 
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(a) (b) 
L-l10 mm 
Figure 90 : Typical C-Scan image of 15 J impacted specimen of carbon fibre, dry 
condition (a) before and (b) after compression. 
The results of compression after impact tests are usually presented by plotting 
the CAI strength against the impact energy, as shown in Figures 53, 56 and 59. The 
CAI strength dropped significantly as the impact energy increases. The trends 
observed were the same throughout the test conditions. The link between the impact 
and the compression test was found to be the extent of damage formed during 
impact, with strength reduction during compression a function of the magnitude of 
this damage. 
Percentage reduction of CAI strengths were calculated based on the ratio of 
the impacted, to the unimpacted strengths. Figure 91 shows the percentage reduction 
of CAI strengths for the carbon fibre , glass fibre and hybrid 4C/16G/4C specimens in 
the dry condition. Meanwhile Figures 92 to 95 show the percentage reduction of CAI 
strengths for the conditioned carbon fibre, glass fibre and hybrid 4C/16G/4C at 0.6%, 
0.9%, 1.2% and 1.5% moisture up-take respectively. At impact energies of 9J , 12J 
and 15J, the percentage reduction of CAI strengths for the glass fibre specimens 
were found to be smaller than those for the hybrid and carbon fibre laminates. The 
explanation for this is that the glass fibre reinforced laminates have smaller areas of 
impact damage, due to the higher resistance of the glass fibre laminates to the 
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initiation and propagation of impact damage, in other words, they are more damage 
tolerant. This is in agreement with the generally accepted view that glass fibre 
reinforced laminates are more damage tolerant than carbon fibre reinforced 
laminates(Bibo and Hogg, 1998). 
The percentage reduction of CAI strengths for carbon fibre and hybrid 
4C/16G/4C laminates were almost similar. At 15J impact energy, the carbon fibre 
specimens recorded a slightly larger percentage reduction in CAI strength compared 
to the hybrid 4C/16G/4C specimens. The larger percentage reduction in the CAI 
strength of the carbon fibre specimen was largely due to the larger impact damage 
area formed in the specimen caused by the 15J impact energy (section 5.4). 
Since the hybrid 4C/16G/4C laminates consisted of 67% glass fibre and 33% 
carbon fibre, it is surprising that the percentage reduction in CAI strength was similar 
to the carbon fibre laminates rather than glass fibre laminates. 
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Figure 91 : Percentage reduction of CAI strength vs. average impact energy 
for carbon, glass and hybrid laminates in dry condition. 
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Figure 92 : Percentage reduction of CAI strength versus average impact energy 
for carbon, glass and hybrid laminates at 0.6% moisture up-take. 
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Figure 93 : Percentage reduction of CAI strength versus average impact energy 
for carbon, glass and hybrid laminates at 0.9% moisture up-take. 
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Figure 94 : Percentage reduction of CAI strength versus average impact energy 
for carbon, glass and hybrid at 1.2% moisture up-take. 
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Figure 95 : Percentage reduction of CAI strength versus average impact energy 
for carbon, glass and hybrid at 1.5% moisture up-take. 
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From the graphs, it is difficult to distinguish the effect of the percentage 
moisture up-take on the reduction in CAI strengths. In order to have a clear picture of 
the effects of the moisture up-take on the CAI strengths, an individual table was 
created for each laminate. Table 50 is for the carbon fibre, Table 51 for the glass 
fibre and Table 52 for the hybrid 4C/16G/4C specimens. 
From Tables 50, 51 and 52, it was observed that the moisture up-take had 
little or no effect, and in some cases even a slight improvement in the CAI strength 
was observed for all specimens tested. The percentage change in CAI strength 
either decreased, or showed no change, as the percentage moisture up-take 
increased. Some degree of scattering in the percentage change figures was also 
noted. Meanwhile, the impact energy had a significant effect on the CAI strength for 
all specimens. This was shown by the increased percentage reduction in CAI strength 
as the impact energy increased. 
Table 50 : Percentage reduction of CAI strength following 9,12, and 15J impact 
energy under the influence of percentage moisture up-take for carbon fibre reinforced 
laminates. 
Impact Energy 
Condition 9J 12J 15J 
0/0 Moisture up-take Total % Reduction of CAI Strength 
0 27 30 46 
0.6 21 33 40 
0.9 23 27 47 
1.2 17 38 42 
1.5 13 41 47 
/ 
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Table 51 : Percentage reduction of CAI strength following 9,12 and 15J impact 
energy under the influence of percentage moisture up-take for glass fibre reinforced 
laminates. 
Impact Energy 
Condition 9J 12J 15J 
% Moisture up-take Total % Reduction of CAI Strength 
0 18 21 24 
0.6 24 31 32 
0.9 12 24 25 
1.2 6 11 21 
1.5 25 28 35 
Table 52 : Percentage reduction of CAI strength following 9, 12 and 15J impact 
energy under the influence of percentage moisture up-take for hybrid 4C/16G/4C 
laminates. 
Impact Energy 
Condition 9J 12J 15J 
% Moisture up-take Total % Reduction of CAI Strength 
0 29 37 41 
0.6 27 30 34 
0.9 26 29 33 
1.2 30 31 37 
1.5 17 25 31 
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The nature of the damage formed during impact tests of composites has been 
widely reported, and consists primarily of delaminations with interconnecting shear 
cracks (Cantwell & Morton, 1989). When damage occurred in multidirectional 
carbon/epoxy, broken fibres reduced the tensile strength, whereas del ami nations 
between layers reduced the compressive strength (Bishop & Dorey, 1983). 
Figure 96 shows the compression after impact strength as a function of the 
damaged area for carbon fibre, glass fibre and hybrid 4C/16G/4C laminates. From 
the graph it was observed that the impact damage area for carbon fibre laminates 
was significantly bigger compared to the glass fibre and the hybrid 4C/16G/4C 
laminates. This was because of carbon fibre had lower strain to failure property 
compared to glass and hybrid laminates. It was also observed that the delamination 
damage areas for the glass fibre specimens were more scattered compared to the 
carbon fibre and hybrid 4C/16G/4C speCimens. There are some variations on the size 
of the damage areas between the specimens of the same impact energy, and these 
variations showed some effect on the CAI strength results. This is because different 
variations of irregular damage shapes within the same damage area can give very 
different CAI strengths, the reason is already explained in section 5.4. 
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Figure 96 : CAI strength as a function of the damage area for carbon, glass 
and hybrid laminates, dry condition. 
5.5.3 Effect of moisture up-take on CAI strength 
At the present time no theory exists which would predict changes in materials 
properties caused by environmental exposure. Therefore, the effects of thermohumid 
conditions must be assessed by tests. The following graphs were made based on the 
levels of moisture up-take recorded in this study, i.e. 0.6%, 0.9%, 1.2% and 1.5%, 
after being exposed to thermohumid conditions of 95% RH at 60°C. The higher the 
moisture up-take by the composite laminates, weakened the fibre-matrix interface 
bond which in turns reduced compression strength(Porter and Purslow, 1983, 1984). 
In compression, the fibres relied on the matrix to provide the support necessary to 
prevent fibre buckling; under thermohumid conditions the resin softens and the 
compression strength was reduced(Oorey, 1980). Therefore it was considered 
meaningful to discuss the effect of moisture up-take at the extreme level, i.e. 1.5%, 
and comparing it to dry condition. 
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The results of CAI strength were plotted against percentage moisture up-take, 
for unimpacted specimens, at impact energies of 9J, 12J and 15J, in Figures 97 to 
100 respectively. The values of CAI strength plotted in all the figures are based on 
the average of three samples tested at each condition. 
Figure 97 shows the effect of moisture up-take on CAI strength for 
unimpacted specimens of the carbon fibre, glass fibre and hybrid 4C/16G/4C 
laminates. At the extreme moisture up-take, i.e. 1.5%, the CAI strength of the three 
fibre reinforced laminates were reduced by about 2%, 4% and 23% for carbon fibre, 
glass fibre, and hybrid 4C/16G/4C laminates respectively. However, the reduction in 
the CAI strength of hybrid 4C/16G/4C laminates was much higher than expected as a 
result of the tests on carbon and glass fibre laminates, since hybrid specimen 
consisted of 67% glass and 33% carbon. Carbon fibre reinforced laminates were 
found to have had absorbed slightly higher moisture than the glass fibre reinforced 
laminates, see Section 5.1. The absorbed moisture degraded the matrix properties 
and was expected to reduce the compressive strength of the laminates but this was 
not really observed. This could be explained by the scatter of the CAI strength results 
rather than the effect of moisture up-take on the CAI strengths, see Section 5.5.4. 
Figure 98 shows the effect of moisture up-take on CAI strength for the 9J 
impacted specimens of carbon fibre, glass fibre and hybrid 4C/16G/4C laminates. 
The moisture up-take reduced the CAI strength of the glass fibre and the hybrid 
4C/16G/4C laminates by about 12% and 11% respectively. However, there was no 
reduction in CAI strength of the carbon fibre laminates, instead an improvement of 
18% the CAI strength occurred as the moisture up-take increased. This again could 
be due to scatter of the CAI strength results rather than the effect of moisture up-take 
on the CAI strengths. 
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Figure 97 : Effect of moisture up-take on CAI strength of unimpacted 
carbon, glass and hybrid laminate specimens . 
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Figure 98 : Effect of moisture up-take on CAI strength of 9 J impacted 
carbon, glass and hybrid laminate specimens. 
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Figure 99 shows the effect of moisture up-take on CAI strength for the 12J 
impacted specimens of carbon fibre , glass fibre and hybrid 4C/16G/4C laminates. 
The moisture up-take of 1.5%, reduced the CAI strength of the three fibre reinforced 
laminates by approximately 18%, 12% and 8% for the carbon fibre, glass fibre and 
hybrid 4C/16G/4C laminates respectively. Overall , CAI strength of the three 
laminates were found to be slightly affected by the moisture up-take when compared 
to dry condition, but scatter in the CAI strength results were still being observed, 
especially in the carbon fibre laminates. 
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Figure 99 : Effect of moisture up-take on CAI strength of 12 J impacted 
carbon, glass and hybrid laminate specimens. 
Figure 100 shows the effect of moisture up-take on CAI strength for the 15J 
impacted specimens of carbon fibre, glass fibre and hybrid 4C/16G/4C laminates. 
The moisture up-take reduced the CAI strength of the three fibre reinforced laminates 
by approximately 4%, 18% and 11 % for carbon fibre, glass fibre and hybrid 
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4C/16G/4C laminates, respectively. It is generally accepted that the moisture up-take 
by a matrix may soften and plasticise the epoxy resin , and so the stiffness of the 
resin will be reduced. In comparisons of the CAI strength results between the three 
fibre reinforced laminates, it was observed that the CAI strength of carbon fibre 
laminates was much lower than the glass and the hybrid. Even though all specimens 
were impacted with 15J impact energy, the delamination damage in carbon fibre 
laminates was much greater than the one in glass fibre and hybrid 4C/16G/4C 
laminates, (see Section 5.4). The results show that the impact damage was much 
more significant than moisture up-take. 
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Figure 100 : Effect of moisture up-take on CAI strength of 15 J impacted 
carbon, glass and hybrid laminate specimens. 
From the graphs, a reduction in the CAI strength, compared to measurement 
taken in the dry condition was observed, but this was not large. There is no clear 
effect of moisture up-take on CAI strengths for any of the impact loads. The same 
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effect was observed in a study looking at accelerated ageing of composites. Hogg & 
Kay(1997) found that moisture up-take had little effect on the extent of impact 
induced delaminations in typical carbon-epoxy laminates. When these laminates 
were subjected to compression after impact tests, a reduction in residual 
compression strength, compared to unconditioned laminates, was observed but this 
was very small . Interestingly, laminates that had been impacted, and then exposed to 
the environment, and those that were exposed, and then impacted, exhibited similar 
behaviour. 
5.5.4 Scatter in CAI Strength Results 
Referring to Figures 97 to 100, the CAI strength did not always decrease as 
the percentage of moisture increased, but on numerous occasions it showed a slight 
increase. This apparent result was due to scattering of the experimental results rather 
than any significant effect of moisture up-take. This scatter in CAI results can be 
caused by a number of factors, including non-uniformity of stress application, 
specimen misalignment in the test fixture , impact damage area and poor specimen 
design, resulting in different failure modes. The various modes that are suspected of 
inducing compressive failure include fibre symmetric and non-symmetric 
microbuckling, delamination and fibre compressive failure. Sinclair and Chamis(1983) 
suggested that because compressive testing is sensitive to factors such as Euler 
buckling , specimen misalignment in the test fixture , fibre misalignment in the 
specimen, bending or stretching coupling in the laminate, and moisture present in the 
laminate, scatter in the results is further compounded. 
For the same impact energy, the carbon fibre reinforced laminates exhibited 
some variations in damage sizes which were measured using an ultrasonic C-scan, 
see Figure 73. The same patterns were also observed for the glass fibre and hybrid 
4C/16G/4C laminates. The explanation for this is because damage size has an effect 
on the CAI strength, so scatter in damage sizes will result in scatter of the CAI 
strength . 
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In common with all test methods the accuracy of the specimen itself will have 
an effect on the measured parameter, in this case CAI strength. When the end 
loading method is used it is important to cut the specimen so that it has parallel sides 
and square corners, this is to ensure that pure axial loading is achieved. In addition 
the orientation of the specimen edges, with respect to the fibres, needs to be defined 
since the measured compression strength (at least of unimpacted specimens) will vary 
with the in-plane loading direction. The problem is that, the effect of any deviation 
from square corners, or edge alignment, is not known. The answer has been to strictly 
follow a very close tolerance for the fabrication of specimens. The above explanation 
is incomplete because it does not account for the influence of laminate asymmetry 
(resulting from an uneven distribution of delamination damage in the fibre reinforced 
laminates) which Jones et al.(1984) considered to be an important factor affecting CAI 
strength, because out-of-plane deflections are automatically generated when in-
plane loads are applied. 
5.6 The Inter Relationship between Laminate Properties, CAI Strength and 
Moisture Absorption. 
5.6.1 CAI Strength 
A number of Investigators have suggested that the damage induced in a 
composite by impact behaves as a stress concentrator when the material is loaded. 
Therefore, when attempting to. calculate residual stress, one possible approach is to 
use fracture mechanics concepts. Two different approaches have been suggested 
and are available to predict the residual strength of notched laminates : The WEK 
model (Waddoups, Eisenmann and Kaminski, 1971) and the WN model (Whitney and 
Nuismer, 1974). Both WEK and WN models are conceptually very similar. The 
possibility of using these approaches for design calculations is linked to the 
measurement of a characteristic dimension assumed to be a material property 
independent of laminate construction and notch or hole length. However, this material 
property is not independent of notch length as discovered by Prabhakaran( 1979) and 
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as a consequence the WEK and WN models are not able to describe the notch length 
effect. 
Caprino(1983) proposed a very simple two-parameter (stress and notch 
dimension) model, based on linear elastic fracture mechanics concepts, which can be 
reduced to a one-parameter model, due to the constancy of the other parameter for 
fibre dominated laminates, irrespective of fibre and matrix materials and shape of the 
notch. A comparison, he made, with the Whitney and Nuismer(1974) point and 
average stress criteria approach, showed that the WN model was useful for prediction 
of residual strength of small notches only. For large notches the two-parameter 
suggested by Caprino(1983) seemed to be more effective. 
5.6.1.1 Caprino's Model 
The following formula, based on linear elastic fracture mechanics concepts, 
has been proposed by Caprino(1983) for predicting the residual stress (cr,) of a wide 
sheet containing notch of length 2C : 
(45) 
where K, c is the fracture toughness of the material. 
Equation (45) is obtained using the hypothesis that the material is linearly elastic up to 
fracture. In fact, in composite materials a pseudo-plastic zone is formed at the crack 
tip during loading, giving rise to levelling of stresses ahead of the crack. 
The shifting of material behaviour from linearity affects the exponent in 
Equation (45), and the absolute value of the exponent is expected to be lower for the 
pseudo-plastic case. In general Equation (45) can be rewritten as: 
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(46) 
which is identical to the formula proposed by Mar and Lin(1977). The strength (cro) of 
an unnotched material is initiated by an intrinsic flaw of length Co and in this case 
(47) 
Finally from Equations (46) and (47) 
u, = (Co)m 
Uo C 
(48) 
where C represent the dimension of the notch and Co represent the dimension of a 
characteristic defect in the material. The power m, together with Co, must be 
experimentally determined and depend uniquely on the examined material. 
Equation (48) provides a two-parameter model to predict the residual strength 
of a notched laminate and is only valid when C is greater than or equal to Co which 
means that the strength of the laminate is not affected by a notch smaller than Co. 
Caprino(1984) also suggested that a correlation between the impact energy U and the 
equivalent notch dimension would be useful. This relationship can be expressed by 
the following power law: 
C = k Un (49) 
where k and n are material parameters to be determined. Substituting Equation (49) 
into Equation (48), gives: 
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where oc = mn and Co = k U;. Uo is the energy required to produce damage 
corresponding to an equivalent notch of dimension Co; it represents the maximum 
energy level the material can support without any strength degradation. Equation (50) 
is essentially the Caprino's model for predicting residual strength as a function of 
impact energy, provided that Uo and oc are determined experimentally. 
From Equation (50) : 
(J", 
log- = oclogUo- oclogU (51) 
(J"o 
Equation (51) provides a simple tool to calculate the parameters Uo and oc, appearing 
(J" 
in Equation (50). A log-log plot of -' as function of U should be straight line with 
(J"o 
slope - oc, intersecting the y axis at oc log Uo. 
5.6.1.2 Impact Energy, CAI Strength and Caprino's Prediction 
The relationship between impact energy and the specimens CAI strength are 
shown in Figure 101. Up to an energy level of 6J C-scan and micrographs 
examination of the impacted specimens revealed no obvious internal damage or 
delamination. Up to this point the CAI values are also negligibly influenced, with the 
possible exception of the carbon laminate. Therefore it can be surmised that two 
zones exist in Figure 101 with regard to CAI strength. At impact energies below 6J no 
internal damage or delamination of the specimens was detectable. Above this 
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threshold damage occurred which did influence the CAI strength. The exact location 
of the impact damage threshold is difficult to exactly determine because impact 
energies increased in relatively large 3J steps. 
Based on the impact damage area versus impact energy measurements 
shown in Figure 73, the carbon fibre laminates had the largest damage area at any 
particular energy level, followed by the hybrid and than the glass fibre laminates. 
Therefore, it would be expected that each of the materials examined could have its 
own impact damage threshold limit in this same sequence. However, Figure 101 
suggests that the threshold for hybrid laminates was just below 6J while for the other 
two laminates it was greater than 6J . A Caprino type plot of Strength Degradation 
Ratio versus impact energy (Figure 105) also suggests that the threshold was very 
similar, at 6J, for all the laminates. Certainly between 6J and 15J, the CAI strengths 
for all the laminates reduced very rapidly from 100% to about 60% of their unimpacted 
values. 
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Figure101 : CAI strengths versus impact energies for carbon, glass and hybrid 
laminates in the dry condition. 
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The relationships between the impact energy and CAI strength degradation 
ratio, which is define as the ratio of CAI strength between impact damaged and 
unimpacted specimens, are shown in Figures 102 to 104. These values are plotted for 
carbon fibre, glass fibre and hybrid 4C/16G/4C laminate materials, respectively. The 
corresponding curves predicted from Caprino's model, based on Equation 50, are 
also shown in these figures. The residual compressive strength values for impact 
energies less than Uo were not considered in the calculation, because Equation (50) is 
valid only for residual strength values lower than the compressive strength of 
unimpacted specimens. 
eT 
A log-log plot of -' as a function of U produced a straight line and using a 
eT. 
best fit method values of oc were obtained. oc was found to be equal to 0.43, 0.35, 
0.14, and Uo the threshold energy level was equal to 3.8J, 3.7J and 3.1J, for carbon 
fibre, hybrid 4C/16G/4C, and glass fibre laminates respectively. Using these values 
the curves based on Caprino's model, shown in Figures 102 to 104, were produced. 
The variation of oc between the carbon, glass and hybrid laminates was in the order as 
expected, based of impact damage areas measured by C-scan·, shown in Figure 73. 
For the same impact energy, glass fibre laminates exhibited smaller delamination 
damage areas than the carbon fibre laminates, or the hybrid 4C/16G/4C laminates. In 
other words the glass fibre laminates had a higher resistance to the initiation and 
propagation of impact damage and were thus more damage tolerant. Caprino stated 
that the value of oc was material dependent and this is confirmed by the experimental 
data where it can be seen that the value oc, appearing in the model is dependent on 
the type of fibre laminate. Further, the value of this parameter can be seen to be 
related to the damage tolerance exhibited by the laminates to impact load. The oc 
value of the glass fibre laminate was thus found to be small compared to the carbon 
and hybrid specimens. However, the Uo values were lower than observed 
experimentally and the value for the glass fibre laminate was lower than for the 
carbon fibre laminate which was not the case from practical observations. 
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Figure 102 : CAI strength degradation ratio versus impact energy for carbon 
laminates in the dry condition. The corresponding curve predicted 
from Caprino's model is also shown in the figure. 
It is noted in Figure 102 that the Caprino's model does not adequately predict 
residual compressive strength of the carbon fibre laminates giving values higher than 
actual measured experimentally. For the glass fibre and hybrid 4C/16G/4C laminates 
in Figures 103 and 104, Caprino's prediction did give a better fit although still high to 
the residual compressive strengths measured at 9J , 12J, and 15J but did not 
adequately represent the threshold of damage values. 
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Figure 103 : CAI strength degradation ratio versus impact energy for glass 
laminates in the dry condition. The corresponding curve predicted 
from Caprino's model is also shown in the figure. 
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Figure 104 : CAI strength degradation ratio versus impact energy for hybrid 
laminates in the dry condition. The corresponding curve predicted 
from Caprino's model is also shown in the figure. 
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Further investigations are needed to find out why Caprino's predicted curves 
did not fit well with the experimental data for carbon fibre laminate, and indeed a 
greater range of data pOints would have been useful in this respect. Further analysis 
of Figures 102, the carbon fibre laminates, indicates that there is as much as a 10% -
20% difference in the strength degradation ratio between the experimental and 
Caprino's predicted values. In calculating the Caprino's predicted values two material 
parameters were use. Uo the damage energy threshold value, and cc, the material 
parameter shown in this work to be related to the damage tolerance of the specific 
laminate. The value of Uo used was 3.8J, which was lower than the observed value of 
apprOximately 6J. Unfortunately increasing this value for any of the laminates, without 
adjustment to the cc value, results in an even higher CAI strength degradation ratio 
prediction. Hence attention must tum to cc. This value together with Uo was calculated 
using a straight line fit of only three data points, corresponding to the log of impact 
energies of 9, 12, and 15J. These data pOints were extremely close and as already 
discussed scatter in the CAI values, and hence degradation ratio, was high. However 
an increase in the values of cc to 0.35, 0.65 and 0.85 which was well within the scatter 
band, together with the use of a threshold energy level of 6J for all the laminates, 
produce a good. fit to the experimental results for the glass, hybrid 4C/16G/4C and 
carbon laminates respectively as seen in Figure 105. Therefore, it can be concluded 
that Caprino's model can adequately predict the residual compressive strength of all 
the laminates tested, although adequate experimental data has to be initially obtained 
to accurately determine the value of the material parameters. 
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Figure 105 : An estimated QC values to produce a good fit to the experimental 
data for the carbon, glass and hybrid laminates, at threshold limit 
of 6J. 
5.6.2 Moisture Absorption 
5.6.2.1 Tg and ILSS 
As already discussed the influence of moisture absorption on glass 
transition temperature was more measurable than other influences (section 5.2). 
Figure 65 showed that there was a direct linear relationship between moisture 
absorption and decrease in Tg for the carbon fibre , hybrid 4C/16G/4C and glass fibre 
laminates. The individual rates of decrease between the three types of laminate did 
not vary greatly. Also as seen in Figure 66 the interlaminar shear strength did not vary 
greatly with moisture up-take, indicating that the moisture had very little influence on 
the interface, particularly at the neutral axis. Hence it can be concluded that the major 
influence on Tg was the condition of the polymer matrix, which of course was common 
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to all three. Figure 106 shows the line of linear fit, to the Tg versus moisture 
absorption data , irrespective of laminate type. (Figures 32 , 35, 38 and 65 show similar 
plots, but for the individual laminate types.) It can be seen that there is a good linear 
correlation between these parameters. At zero moisture absorption the Tg is about 
216°C and the rate of decrease is 53 .2°C for each 1% moisture absorption. With this 
steep decrease in Tg, relative to moisture absorption , it is realistic to question whether 
the Tg of the laminate influences other properties such as the interlaminar shear and 
compression after impact strengths. 
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Figure 106 : The linear fit line, T9 versus moisture up-take, for the three 
laminates conditioned at 60°C and 95% RH. 
Figure 107 shows the best linear regression fit to the variation in ILSS with Tg . 
For the carbon fibre reinforced laminates, the ILSS values decreases as the Tg 
decreased (and moisture absorption increased). Meanwhile, the glass fibre reinforced 
laminates and hybrid 4C/16G/4C laminates exhibit very little reduction or no change in 
their ILSS values. As discussed above the Tg of all three laminates varied in a similar 
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way with moisture absorption. Hence it is unreasonable to assume that the reduction 
in ILSS of the carbon fibre laminates was due to a change in Tg of the matrix alone. 
Another explanation for reduction in ILSS with Tg of the carbon fibre laminates has to 
be responsible. 
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Figure 107 : ILSS versus Tg for carbon, glass and hybrid specimens 
conditioned at 50°C and 95% RH. 
The affect of moisture up-take on the matrix and fibre-matrix interface can be 
seen in the scanning electron micrographs of the carbon fibre, glass fibre and hybrid 
4C/15G/4C laminates in Figures 57 to 72. The moisture acts as a plastiCiser, thus 
lowering Tg of the resin. As already discussed in Section 5.1 and shown in Figure 54, 
the carbon fibre laminates absorbed moisture at a greater rate than the glass fibre 
and hybrid 4C/15G/4C laminates. It is believed that the decrease in ILSS is mainly 
due to the degrading effect of this moisture at the fibre-matrix interfaces. This is 
197 
particularly apparent in the carbon fibre laminates in the micrographs in Figures 67 to 
68. The brittle features and good fibre-matrix adhesion in the dry conditioned 
specimens are virtually absent in the conditioned specimens, where an obvious 
separation between matrix and fibre is visible. Thus it can be concluded that the 
decrease in ILSS of the carbon fibre laminate, which did not occur in the other two 
laminates, was due to moisture attack at the interface and not to the reduction in Tg. 
5.6.2.2 Tg and CAI Strength 
In composite materials absorbed moisture acts as a plasticiser, thus lowering 
the Tg value, of the resin matrix and consequently, degradation of properties. In 
compression, the fibres relied on the matrix to provide the support necessary to 
prevent fibre buckling; under thenmohumid conditions the resin soften and the 
compressive strength is reduced(Dorey, 1980). As discussed above the reduction in 
Tg, for the laminates investigated, was approximately linear with moisture absorption 
and therefore might be expected to influence CAI properties. Figures 108 to 110 show 
the relationship between the CAI strength and glass transition temperature, Tg, for 
carbon fibre , glass fibre and hybrid 4C/16G/4C laminates respectively, at each impact 
energy. In an attempt to detenmine trends between these variables, straight line 
regression plots are shown for each set of data. From these Figures, Tg appears to 
have no consistent influence on the CAI strength for the impact damaged carbon fibre 
and glass fibre laminates. However, the results for the unimpacted laminates, and the 
hybrid 4C/16G/4C laminates, which show much less scatter, do show a slight 
decrease in CAI with decreasing Tg. 
All the CAI tests were carried out at room temperature, which is below the 
onset of any change in log E', as measured in the DMT A tests of glass transition 
temperature of the materials. (See carbon fibre in Figures 30 and 31 , glass fibre in 
Figures 33 and 34, and hybrid 4C/16G/4C in Figures 36 and 37). Changes in the CAI 
strength with Tg are therefore in this instance more likely to be caused by moisture 
up-take at the fibre matrix interface than by plasticisation of the matrix. In this instance 
the result show that the effect of impact damage experienced by the carbon fibre, 
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glass fibre and hybrid 4C/16G/4C laminates, is much more significant than moisture 
up-take. 
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Figure 108 : CAI strength versus Tg for carbon fibre laminates conditioned 
at 60°C and 95% RH. 
• unimpacted 350 
• 9J 
• 
-
• 12J 300 • 
- • • 
15J 
• • 250 I i • i :1 - Unear (unimpacted) Q. ~ - Unear(9J) :; 200 • - Unear (12J) 
'" c 
--Unear (15J) ~ 150 
"' ;( 
0 100 
50 
0 
100 120 140 160 180 200 220 
Tg OC 
Figure 109 : CAI strength versus T9 for glass fibre laminates conditioned 
at 60°C and 95% RH. 
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Figure 110 : CAI strength versus Tg for hybrid 4C/16G/4C laminates 
conditioned at 60°C and 95% RH. 
5.6.2.3 CAI and ILSS 
Figures 111 to 113 show the relationships between the CAI strength 
and ILSS for carbon fibre, glass fibre and hybrid 4C/16G/4C respectively. The 
CAI strengths are effectively governed by two parameters i.e. impact damage 
and moisture effect, while in the case of ILSS only the moisture would be 
expected to have an effect. The comparisons shown are therefore between 
CAI strength and the ILSS of unimpacted specimens. The narrow range of 
ILSS values for the glass fibre laminates, born out by the similarity between 
their fracture surface appearance in both the dry and wet conditions (Figures 
69 and 70), is noticeable. However, because of the scatter in both CAI 
strength and ILSS results it is impossible to determine any significant trend , 
and indeed it is considered unlikely than any exists for the range of va lues 
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considered. Therefore, it is not possible to develop any meaningful sample 
model, in respect of any relationship. 
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Figure 111 : CAI Strength versus ILSS for carbon fibre laminates 
conditioned at 60°C and 95% RH. 
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Figure 112 : CAI Strength versus ILSS for glass fibre laminates 
conditioned at 60°C and 95% RH . 
20 1 
4CXh 
350 
• 
100 + 
50 
• 
I 
• 
• 
• 
• I .t 
• 
O ----~----------------~ 
4() 42 44 46 50 
ILSS MP. 
• unimpacted 
• 9J 
" 12J 
• 15.1 
- Linear (unimpacted) 
- Linear (9J) 
- Linear (12J) 
- Linear (15.1) 
y = 07007x + 29682 
Y • 3A7;l5o- • 86.211 
Y = .Q 01441< • 23227 
Y = 0 .54Cl4oc • 191 66 
Figure 113: CAI Strength versus ILSS for hybrid 4C/16G/4C laminates 
conditioned at 60·C and 95% RH. 
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CHAPTER 6 : CONCLUSIONS 
The conclusions below are valid for the testing conditions used to gather the 
experimental data for the, laminates lay-ups and the prepreg materials used in this 
investigation. 
1. Laminate Production 
a) The 913 Prepreg laminate slabs produced using a compression moulding 
technique were found to be of good quality and defect-free. The technique 
involving the use of two plates with a rectangle steel frame as the spacer, and 
porous and non-porous PTFE sheets with medium weight bleed cloth is highly 
recommended for this type of fabrication. 
2. Moisture up-take 
a) The initial rate of moisture up-take and the moisture content after a set period 
were dependent on the material, the temperature and the percentage relative 
humidity. Moisture absorption was proportional to the square root of time for all 
laminates. At 40°C and 90% relative humidity the carbon fibre laminates 
absorbed water at the rate of 0.08 per day"2. At 60°C and 95% relative humidity 
this increased to 0.17 per day"2. 
b) The absorption behaviour of the Prepreg 913 materials, initially followed Fick's 
law, but no classical equilibrium absorption plateau was reached during the 
thermohumid conditioning. A greater exposure time was needed so as to 
determine whether the overall behaviour was Fickian or non-Fickian (also known 
as two phase diffusion behaviour). 
203 
c) The carbon fibre reinforced laminates absorbed moisture at a greater rate than 
the glass fibre and hybrid 4C/16G/4C laminates. After 81 days exposure at 60°C 
and 95% relative humidity, the carbon fibre laminates had absorbed 1.51 wt% 
moisture whereas the hybrid had absorbed 1.46 wt% and the glass 1.40 wt% 
after similar exposure. 
d) SEM micrographs of the carbon, glass and hybrid laminate specimens indicated 
that the moisture had been absorbed by the matrix material in all cases. Also in 
the case of the carbon fibre laminates moisture had attacked the interface. 
3. Dynamic Mechanical Thermal Analysis (DMTA) 
a) The oc - transition peak temperature, for each of the three laminates, shifted 
downward with increasing moisture up-take by the specimens. 
b) The laminates exhibited a linear decrease in their Tg with percentage moisture 
absorption of the form Tg = 53.2 (% moisture absorption) + 216. This relationship 
was the same for the carbon, glass fibre and hybrid 4C/16G/4C laminates. 
c) A broadening of the oc - transition peaks, moisture absorption, was recorded and 
is believed to be due to presence of the moisture which hinder chain movement 
in the epoxy matrix of the composite specimens. 
4. Interlaminar Shear Strength (ILSS) 
a) Moisture had a degrading effect on the ILSS of the carbon fibre reinforced 
laminates but it did not significantly affect the glass fibre reinforced or hybrid 
4C/16G/4C laminates. 
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b) For the carbon fibre laminates the exposure time was found to have a greater 
influence on the ILSS than the actual percentage moisture absorption. 
c) The test speed has a significant effect on the measured ILSS values. Values of 
ILSS increased by between 46% to 61% when the test speed was increased from 
1 mm/min to 2mm/min. 
5. Impact Behaviour 
a) A free falling impactor dropped down a guide tube (CRAG - Method 403), with 
provision for achieving different low impact energies, was found to be adequately 
to emulate tool drops. 
b) Glass fibre reinforced laminates were more resistant to impact damage than hybrid 
4C/16G/4C and carbon fibre reinforced laminates and consequently showed 
greater strength retention. 
c) The major forms of impact damage for the carbon fibre, glass fibre and hybrid 
4C/16G/4C laminates were matrix cracks, delaminations and at higher incident 
energies fibre fracture. 
d) For the same impact energy, ego 1SJ, glass fibre reinforced specimens exhibit 
approximately 30% smaller delamination damage than hybrid 4C/16G/4C and 44% 
smaller than carbon fibre reinforced specimens. Therefore the glass fibre laminates 
had a higher resistance to the initiation and propagation of impact damage and 
were thus more damage tolerant. 
e) The delamination damage in the hybrid 4C/16G/4C laminates was similar to that 
found in the glass fibre laminates opposed to the carbon fibre laminates. This result 
could be related to the fact that the hybrid contained 67% glass fibre. 
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f) Ultrasonic C-scans confirmed that delamination damage grew transverse to the 
loading direction during compression testing, with very little extension of damage in 
the loading direction. 
g) Delamination mapping is a valuable technique in assessing impact delamination 
damage propagation in the through-thickness direction. 
6. Compression After Impact (CAI) 
a) Most failures experienced by the unimpacted specimens of the carbon fibre, glass 
fibre and hybrid 4C/16G/4C laminates were by failure in the unsupported region, 
and on a few occasions, by end crushing. 
b) All failures experienced by the impacted specimens, at energies of 9J, 12J and 
15J, for carbon fibre, glass fibre and hybrid 4C/16G/4C laminates were within the 
anti-buckling guide (ABG). 
c) Failure in compression of impacted specimens of the carbon fibre, glass fibre and 
hybrid 4C/16G/4C laminates was initiated by delaminations propagating sideways, 
perpendicular to the compression loading direction. Final fracture was by one of 
two mechanisms. They either fractured in a V-notched type mode, or at 
approximately 450 in a shear type mode, with the former being the most common 
type. 
d) Compression after impact strength was directly proportional to the measured in-
plane damage area. 
e) The reduction in CAI strengths for the carbon fibre, glass fibre and hybrid 
4C/16G/4C laminates due to the effect of moisture up-take, was small. This was 
attributed to the short exposure time. 
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f) The results of the CAI tests on carbon, glass and hybrid, show that the effect of 
impact damage is much more significant than moisture up-take. 
g) The results of the CAI tests reported in this thesis strongly suggest that 
miniaturised CAI test fixture can be used successfully to test residual compression 
strength and can be considered as a candidate for a future small scale test 
standard. 
h) Caprino's model can adequately predict the residual compressive strength of the 
carbon fibre, glass fibre and hybrid 4C/16G/4C laminates, although adequate 
experimental data has to be initially obtained to accurately determine the value of 
the material parameters. 
Based on the experimental data obtained the lowest rates of moisture 
absorption were exhibited by the glass fibre laminates. These laminates also showed 
the best relative performance in term of the mechanical properties, ego of interlaminar 
shear strength, impact damage tolerant and compression after impact strength. 
These properties made glass fibre laminate preferably the best choice compared to 
the hybrid 4C/16G/4C and the carbon fibre laminates. 
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CHAPTER 7: SUGGESTIONS FOR FURTHER WORK 
There are several areas in which further investigation might provide useful 
information. In Chapter 2 it was noted that there are a large number of testing 
variables relating to the compression part of the CAI test. Thus, further investigation 
into the effect of anti-buckling guide deSign, and the effect of specimen geometry, 
especially the specimen thickness, on the results of the CAI test, would be useful. 
Since it was observed in this study that the moisture up-take did not reach 
equilibrium, it would be of interest to undertake further work on specimens which are 
exposed for much longer periods of time so that equilibrium could be reached. 
Some work has already been done to measure the performance of fibre 
reinforced composite laminates when a compression loaded test specimen is 
impacted. It has been suggested that the combined test defines a lower bound for the 
compression after impact strength. The combined compression and impact test is 
suggested due to its more rigorous loading condition than compression following after 
an impact test. Further investigation into the performance of fibre reinforced 
composite materials under this combined loading condition is required. 
Fibre reinforced composite materials often operate at both low and elevated 
temperatures. In military and commercial aircraft application, however, the effect of 
testing at these temperatures, on CAI performance, does not appear to have received 
much attention, and is another area which could be explored. 
In addition, a study on the effect of impact test variables on the results of CAI 
strength would be of interest. It is known that the impact test condition affect the 
extent and through thickness distribution of delamination damage. Variables such as 
the type and size of the support conditions, and the size and profile of the impactor 
would be of interest. The effect of using different mass and velocity to deliver impacts 
of the same incident energy would also be of interest. Some work has already been 
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done to measure the effect of multiple impacts on the results of the CAI test. Further 
investigation into the CAI strength performance of fibre reinforced laminates, under 
the influence of delamination damage resulting from the multiple impact condition, 
would be of interest. 
From the investigation reported in this thesis, there are strong indications that 
the use of a miniaturised test fixture can be used to compare the CAI behaviour of 
different materials. In order to confirm this it is suggested that direct comparison of 
several different test methods should be undertaken using a range of materials. The 
main aim of doing this would be to increase confidence in the validity of a miniaturised 
test with the ultimate aim of it being adopted as the future small test standard. 
209 
REFERENCES 
Abrate, S., Impact on Laminated Composite Materials, Applied Mechanics Review, 
44(4), (1991), pp. 155 - 190. 
Adams, D.F. and Lewis, E.O., Influence of Specimen Gage Length and Loading 
Method on the Axial Compressive Strength of a Unidirectional Composite Material, 
Experimental Mechanics, 31, (1991), pp. 14 - 20. 
Adsit, N. R., Compression Testing of Graphite/Epoxy, ASTM STP 808, Richard Chait 
and Ralph Papimo, Eds., American Society for Testing and Material, (1983), pp. 175-
186. 
Akay, M., Relaxation Transitions, Fracture Toughness and Post-Impact Residual 
Capacity of Carbon Fibre Reinforced Composites, Composite Science and 
Technology, 33,1, (1988), pp. 1 -18. 
Argon, A.S., Fracture of Composites, Treatise on Materials Science & Technology, 
Vol. 1., Academic Press, New York, (1972), pp. 79 - 114. 
Awa, V.S. and Padmanabha, H.L., Compressive Residual Strength Prediction in Fibre 
Reinforced Laminated CompOSites Subjected to Impact Loads, Proceeding of the 6th 
Intemational Conference on Fracture, Advances Fracture Research, 4, (1984), pp. 
2897 - 2907. 
Baker, A. A., Jones, Rand Callinan, R J., Damage Tolerance of Graphite/Epoxy 
CompOSites, CompOSite Structures, 4, (1985), pp. 15 - 44. 
Batdorf, S.B. and Ko, RW.C., Stress - Strain Behaviour and· Failure of Uniaxial 
Composites in Combined Compression and Shear, Parts I and 11, Intemal Report, 
School of Engineering and Applied SCience, University of Califomia, (June 1987). 
210 
Berg, J.S. and Adams, D.F., An Evaluation of Composite Materials Compression Test 
Methods, Journal of Composites Technology & Research, Volume 11, No. 2, (1989), 
pp. 41 - 46. 
BOEING, Advanced Composite Compression Tests, Boeing Specification Support 
Standard BSS 7620, (1982). 
Bonniau, P. and Bunsell, A.R., A Comparative Study of Water Absorption Theories 
Applied to Glass Epoxy Composites, Joumal of Composite Materials, 15, (1981), pp. 
272 - 293. 
Budiansky, B., Micromechanics, Computer & Structures, 16(1 - 4), (1983), pp. 3 - 12. 
Budiansky, B. and Fleck, N.A., Compressive Kinking of Fibre Composites: A Topical 
Review, Applied Mechanics Reviews, Part 2,47(6), (1994), pp. 246 - 270. 
Burke, S.K., Cousland, S.M. and Scala, C.M., Nondestructive Characterisation of 
Advanced Composite Materials, Materials Forum, Vol. 18, (1994), pp. 85 -109. 
Brandt, J., Preller, T. and Drechsler, K., Manufacturing and Mechanical Properties of 
3-D Fibre Reinforced Composites, Materials and Processing - move into the 90's, 
Proc. of the tenth SAMPE (European Chapter) Intemational Conference, Eds: 
Benson, S., Trewin, E. and Tumer, R.M., Elsevier Science Publishers B.V., 
Amsterdam, (1989), pp. 63 - 73. 
Brandt, J. and Warnecke, J., Influence of Material Parameter on the Impact 
Perfonmance of Carbon-Fibre-Reinforced Polymers. In High Tech - the way into 
nineties, Eds. Brunsch, K., Golden, H.D. and Herket, C.M. , Elsevier Science 
Publishers B.V. Amsterdam, (1986), pp. 251 - 260. 
Browning, C.E., Husman, G.E. and Whitney, J.M., Moisture Effects in Epoxy Matrix 
Composites, ASTM STP 617, (1977), pp. 18 -23. 
211 
Caprino,G., On the Prediction of Residual Strength for Notched Laminates, Journal of 
Materials Science, 18, (1983), pp. 2269 - 2272. 
Caprino,G., On the Prediction of Residual Strength for Notched Laminates, Journal of 
Composite Materials, Vol. 18, (1984), pp. 508 - 518. 
Catherall, J.A., Fibre Reinforcement, Mills & Boon Limited, (1973), pp. 7 - 80. 
Chawla, K.K., Composite Materials Science and Engineering, Springer-Verlag, 
(1987), pp. 3 - 228. 
Canter, H.G and Kibler, K.G., Langmuir - Type Model for Anomalous Moisture 
Diffusion In Composite Resins, Journal of Composite Materials, Vol. 12, (1978), pp. 
118-131. 
Cantwell, W.J. and Morton, J., Detection of Impact Damage in CFRP Laminates, 
Composite Structures, 3, (1985), pp. 241 - 257. 
Cantwell, W.J., Curtis, P.T. and Morton, J., An Assessment of the Impact 
Performance of CFRP Reinforced with High Strain Carbon Fibres, Composites 
Science and Technology, 25, (1986), pp. 133 - 148. 
Cantwell, W.J. and Morton, J., Comparison of Low and High Velocity Response of 
CFRP, Composites 20, (1989), pp. 545 - 551. 
Cantwell, W.J. and Morton, J., The Impact Resistance of Composite Materials - A 
Review, Composites, 22(5), (1991), pp. 347 - 362. 
Chamis,C.C., Lark, R.F. and Sinclair, J.H., Integrated Theory for Predicting the 
Hygrothermomechanical Response of Advanced Composite Structural Components, 
ASTM STP 658, J.R. Vinson, Ed., (1978), pp. 160 - 192. 
212 
Chang, K. J. and Wu, R. Y., Water and Solvent Effects on Carbon Fibre I Epoxy 
Composites, Advance Composite Materials and Structures, Proceeding of an 
Intemational Conference, Sih, G. C., Hsu, S. E., Eds., (1986), pp. 271 - 277. 
Curtis, P.T. and Morton, J., The Effect of Fibre Surface Treatment on the 
Compressive Strength of the CFRP Laminates, Progress in Science and Engineering 
of Composites, Proceeding of the 4"' Intemational Conference on Composite 
Materials, (1982), pp. 219 - 222. 
Curtis, PT, An Investigation of the Mechanical Properties of Improved Carbon Fibre 
Composite Materials, Joumal of Composite Materials, 21, (1987), pp. 1118 - 1145. 
Curtis, P.T., CRAG Test Methods for the Measurement of the Engineering Properties 
of Fibre Reinforced Plastics, RAE TR 88012, (1988), pp. 1 - 51. 
Curtis, PT, Composite Materials Selection for Damage Tolerance; RAE-TR-89053, 
Royal Aerospace Establishment, UK, (1989), 
Crank, J., The MathematiCS of Diffusion, 2nd Ed., Published by Clarendon Press, 
(1977), pp. 1 - 10. 
Davies, G.A.O. and Robinson, P., in Proceeding of AGARD Structures and Materials 
Panel Meeting (AGARD - CP - 530), AGARD Publications, Patras, (1992), pp. 5.1 -
5.28. 
Delasi, R. and Whiteside, J.B., Effect of Moisture on Epoxy Resins and Composites, 
ASTM STP 658, ,J.R. Vinson, Ed., (1978), pp. 2 - 20. 
Dewimille, B. and Bunsell, A.R., Modelling of Hygrothenmal Aging in Glass Fibre 
Reinforced Epoxy Composites, Joumal of Physics D., Applied PhYSics, Vol. 15, no. 
10, (1982), pp. 2079 - 2091. 
213 
Dow, N.F. and Gruntfest, I.J., Determination of Most-Needed, Potentially Possible 
Improvements in Materials for Ballistic and Space Vehicles, General Electric, Air Force 
Contract AFO 4(647) - 269, (1960). 
Dorey, G., Environmental Degradation of Composites, AGARD Conf. Proceeding, No. 
LS-124, Paper 10, (1980). 
Dorey, G., Impact and Crashworthiness of Composite Structures. In Structural Impact 
and Crashworthiness, Volume 1, Ed. GAO. Davies, Elsevier Applied Science 
Publishers, London, (1984). 
Dorey, G., Impact Damage in Composites - Development, Consequences and 
. Prevention, in Proc. ICCM VI and ECCM 11, Imperial College, London 20 - 24 July 
1987, Vo1.3, Ed. F.L. Matthews et aI., Elsevier Applied Science Publishers, London, 
(1987), pp. 1 - 26. 
Dugdale, D.S., Yielding of Steel Sheets Containing Slits, Journal Mechanics and 
Physics of Solid, 8, (1960), pp. 100 - 104. 
Ewins, P.D. and Ham, A.C., The Nature of Compressive Failure in Unidirectional 
CFRP, RAE Technical Report - 73057, (1973), pp. 1 -19. 
Ewins, P. D., Tensile and Compressive Test Specimens for Unidirectional Carbon 
Fibre Reinforced Plastics, RAE Technical Report - 71217, (1971). 
Finn, S.R. and Springer, G.S., Composite Plate Impact Damage, Technomic Pub. Co., 
Lancaster, PA., (1991). 
Finn, S.R. and Springer, G.S., Delaminations in Composite Plates Under Transverse 
Static or Impact Loads - a Model, Composite Structures, 23, (1993), pp. 177 - 190. 
214 
Freeman, S.M., Characterisation of Lamina and Interiaminar Damage in 
Graphite/Epoxy Composites by the Deply Technique, In Composite Materials: Design 
(Sixth Conference), ASTM STP 787, American Society for Testing and Materials; 
Philadelphia, (1982), pp. 50 - 62. 
Fried, N., The Compressive Strength of Parallel Filament Reinforced Plastics - The 
Role of Resin, Proceeding of the 18"'. Annual Meeting of the Reinforced Plastics 
Division, Society of Plastics Industry, (1963). 
Gao, S.L. and Kim, J.K., Three-Dimensional Characterisation of Impact Damage in 
CFRPs, Key Engineering Materials, Vols. 141 - 143, (1998), pp. 35 - 54. 
Gerharz, J. J. and Ideiberger, H., A Method to Predict Residual Strength and Fatigue 
Life of Impact Damage Carbon/Epoxy Laminates, Durable Polymer Based Composite 
System for Structural Application, (1991), pp. 445 - 454. 
Gill. R. M., Carbon Fibres in CompOSites Materials, Chapter 6, Plastics Monograph, 
(1972),pp.136-139. 
Guynn, E.G. and O'Brien, T.K., The Influence of Lay-up and Thickness on CompOSite 
Impact Damage and Compression Strength, American Institute of Aeronautics and 
Astronautics, (1985), Paper No. 85 - 0646. 
Guynn, E.G. and Bradley, W.L., Detailed Investigation of the Micromechanisms of 
Compressive Failure in Open Hole CompOSite Laminates, Journal of CompOSite 
Materials, 23, No. 5, (1989), pp. 479 - 504. 
Greszczuk, J.B., Microbuckling of Unidirectional Composite/Failure Mechanics of 
Composites Subjected to Compressive Loading Tech Report, AFML-TR-71-231, 
(1972), pp. 1 - 80. 
215 
Greszczuk, L.B., Microbuckling of Lamina-Reinforced Composites, ASTM, Composite 
Materials: Testing and Design, STPUBLN.546, Third Conference, Williamsburg, VA., 
(1973), pp. 5 - 29. 
Green, G.E., Chapter 4 - Type of Materials, Composite Materials In Aircraft Structure, 
Ed. Middleton, D.H., Longman Scientific & Technical, (1990), pp. 39 - 49. 
Griffin, C.E. , Damage Tolerance of Toughened Resin CompOSites, In Toughened 
CompOSites ASTM STP 937. American Society for Testing and Materials, (1987), pp. 
23 - 33. 
Gupta, V.B., Drzal, L.T. and Rich, M.J., Physical Basis of Moisture Transport in a 
Cured Epoxy Resin System, Journal of Applied Polymer Science, Vol. 30, no. 11, 
(1985), pp. 4467 - 4493. 
Haeberle, J.G. and Matthews, F.L., Compression Test Methods for Composites and 
Theories Predicting the Compressive Strength of Unidirectional CFRP, Applied Solid 
Mechanics, 3, (1986), pp. 66 - 79. 
Halmshaw, R., Non-destructive Testing, Edward Amold (Publishers) Ltd, (1987), pp. 
108 - 214. 
Hancox, N. L., The Compression Strength of Unidirectional Carbon Fibre Reinforced 
PlastiCS, J. of Material Science,10, (1975), pp. 234 - 242. 
Hahn, H. T. and Williams, J. G., Compressive Failure Mechanisms in Unidirectional 
Composites, CompOSite Materials Testing and Design, ASTM-STP-893, (1986), pp. 
115-139. 
Hahn, HT, Compression Failure Mechanism in CompOSite Structures, NASA CR -
3988, (1986). 
216 
Hahn, HT and Sohi, M.M., Buckling of a Fibre Bundle Embedded in Epoxy, 
Composites Science and Technology, Vol. 27, no. 1, (1986), pp. 25 - 41. 
Hahn, H.T., in Proceeding of the ASME Winter Annual Meeting, Miami, Florida, 
ASME,1985. 
Hahn, HT, and Kim, R.Y., Swelling of Composite Laminates, ASTM STP 658, J.R. 
Vinson, Ed., (1978), pp. 98 - 120. 
Harper, B.O., Staab, G.H. and Chen, RS., A Note on the Voids Upon the Hygral and 
Mechanical Properties of AS4/3502 Graphite/Epoxy, Journal of Composite Material, 
(1987), 12, pp. 280. 
Harper, J. F., Problems Encountered in Testing Fibre Reinforced Polymer 
Composites, Cellular Polymer, 9 (6), (1990), pp. 462 - 473. 
Harper, J. F., Miller, N. A. and Yap, S. C., Problems Associated with the Compression 
Testing of Fibre Reinforced Plastic Composites, Polymer Testing, 12, (1993), pp. 15-
29. 
Hayashi, T., Progress in Science and Engineering of Composites, 4th Int. Conf. On 
Composite Materials, 1, (1982), pp. 25 - 28. 
Hexcel Fibredux 913, Unidirectional Carbon/Glass Fibre Prepreg (Iow temperature 
cure), Hexcel Composites Instruction Sheet No.46f July 1991. 
Hofer, K. E. and Rao, P. N., A New Static Compression Fixture for Advance 
Composite Materials, Journal of Testing and Evaluations, 5, (4), (1977), pp. 278 - 283. 
Hogg, P.J. and Kay. M.L., The effect of environment on the damage tolerance of 
glass and carbon fibre reinforced epoxy laminates, Deformation and Fracture of 
Composites, Manchester,UK,(1997), Institute of Materials. 
217 
Hogg, P.J., Prichard, J.C. and Stone, D.L., A Miniaturised Post-Impact Compression 
Test, Composites Testing and Standardisation, European Association For 
Composites, (1992), pp. 375 - 380. 
Hovell, I., Dynamic Mechanical Thermal Properties of Moulded Poly (Vinylchloride) 
Swollen With Organic Liquids, PhD thesis, Loughborough University of Technology, 
(1987), pp. 1 -65. 
Hull, D., An Introduction to Composite Materials, Cambridge Solid State Science 
Series, (1981), pp. 1 - 119. 
Ishikawa, T., Sugimoto, S., Matsushima, M. and Hayashi, Y., Some Experimental 
Findings in Compression-After-Impact (CAI) Tests of CF/PEEK (APC-2) and 
Conventional CF/Epoxy Flat Plates, Composites Science and Technology, 
55, (1995), pp. 349 - 363. 
Jones, R., Baker, AA and Callinan, R.J., Residual Strength of Impact - Damaged 
Composites. Technical Note. CompOSite Structures 2, (1984), pp. 371 - 372. 
Johnston, N. J. and Hergenrother, P. M., High Performance Thermoplastics: A review 
of a Neat Resin and CompOSite Properties, 32nd Int. SAMPE Symposium, April 19, 
(1987), pp. 1400 - 1412. 
Joshi, S.P. and Sun, CT, Impact-Induced Fracture Initiation and Detailed Dynamic 
Stress Field in the Vicinity of Impact, In Proceeding American Society of CompOSites 
2nd Technical Conference, DE, 23 - 25 Se pt. (1987), pp. 177 - 185. 
Judd, N.C.W. and Wright, W.W., Voids and Their Effects on The Mechanical 
Properties of CompOSites EM DASH on Appraisal, SAMPE Joumal, Vol. 14, no.1 
(1978), pp. 10 -14. 
Kasturiaraehchi, K.A. and Pritchard, G., Water Absorption of Glass/epoxy Laminates 
under Bending Stresses, Composites Vo1.14, 3, (1983), pp. 244 - 250. 
218 
Kessler, JA and Adams, D.F., Standardization of Test Methods for Laminated 
Composites - Volume II : Experimental Efforts, Technical Final Report, MSC TFR 
3313/1706002, (1993), Laramie, WY, Composite Materials Research Group, 
University of Wyoming. 
Kimpara, I., Kageyama, K., Suzuki, T. and Ohsawa, I., Simplified and Unified 
Approach to Characterisation of Compressive Residual Strength of Impact-Damaged 
CFRP Laminates, Key Engineering Materials, Vols. 141-143, (1998), pp. 19 - 33. 
Kim, J.K., Mackay, D.B. and Mai, Y.W., Drop-weight Impact Damage Tolerance of 
CFRP with Rubber-modified Epoxy Matrix, Composites, Vol. 24, (1993), pp. 485 - 491. 
Lamothe, R. M. and Nunes, J., Evaluation of Fixluring for Compression Testing of 
Metal Matrix and Polymer 1 Epoxy Composites, ASTM STP 808, Richard Chait and 
Ralph Papirno, Eds., American Society for Testing and Material, (1983), pp. 241 -
253. 
Lee, M.C. and Peppas, N.A., Water Transport in GraphitelEpoxy Composites, Journal 
of Applied Polymer SCience,(1993), 47, pp. 1349 - 1359. 
Lee, R. J., Compressive Strength of Aligned Carbon Fibre Reinforced Thermoplastic 
Laminates, Composites, 18, (1), (1987), pp. 35 - 39. 
Lee, R. J. , Scott, P.C., Gaudert, W.H., Ubbink, W.H. and Poon C., Mechanical 
Testing of Toughened Resin CompOSite Materials, CompOSites 19, (1988), pp. 300 -
310. 
Lee, H. and Neville, K., Handbook of Epoxy Resins, McGraw-Hill Book Company, 
(1967). 
219 
Li, RK.Y. and Harding, J., Impact Damage in Composites 
Development,Consequences and Prevention, In Proceeding ICCM VI and ECCM 11, 
Vol. 3, Eds: Mathews, F.L. et ai, Elsevier Applied Science Publishers, London (1987), 
pp. 76 - 85. 
Liu, D. and Malvern, L.E., Matrix Cracking in Impacted Glass/Epoxy Plates, Journal of 
Composite Materials, 21, (1987), pp. 594 - 609. 
Lovell, D.R, Composite Materials In Aircraft Structure, Chapter 3 - Type of Materials, 
Ed. Middleton, D.H., Longman Scientific & Technical, (1990), pp. 17 - 38. 
Mar, J.W. and Lin, K.Y., Fracture of Boron/Aluminium Composites with Discontinuties, 
Joumal of CompOSite Materials, 11, (1977), pp. 405 - 421. 
Manders, P.W. and Harris. W.C., A Parametric Study of CompOSite Performance in 
Compression - After - Impact Testing, SAMPE Journal 22, (1986), pp. 47 - 50. 
Martinez, G. M., Piggot, M. R and Bainbridge, D. M., The Compression Strength of 
CompOSites with Kinked, Misaligned and Poorly Adhering Fibres, Journal of Material 
Science, 16, (1981), pp. 2831 - 2836. 
Marom, G., Polymer Permeability, Ed. J. Comyn, Elsevier, London (1985). 
Marshall, J.M., Marshall, G.P. and Pinzelli, R.F., Diffusion of Liquids into Resins and 
CompOSites, Polymer Composites, Vol. 3, No. 3, (1982), pp. 131 - 137. 
Mc Crum, N.G., Read, B.E. and Williams, G., Anelastic and Dielectric Effects on 
Polymer Solids, Wiely, New York, (1967), pp. 1 -182. 
McKague, L., Environmental Synergism and Simulation in Resin Matrix Composites, 
ASTM STP 658, ,J.R Vinson, Ed., (1978), pp. 193 - 204. 
220 
McMullen, P., Fibre/Resin Composites for Aircraft Primary Structures: A short 
history, 1936 - 1984, Composites, 15, (1984), pp. 222 - 230. 
Merall, G.T., Carbon Fibre Composites : The Role of Epoxy Resin Matrices, 1nl. 
Reinforced Plastics Conf., 7th, (1970), pp. 26.1 - 26.7. 
Michiels, S., The Compressive Behaviour of Unidirectional and Bidirectional Hybrid 
Composites, PhD thesis, Loughborough University of Technology, (1993). 
Morel, E., Bellenger, V. and Verdu, J., Structure-Water Absorption Relationships for 
Amine-cured Epoxy Resins, Polymer, Vol. 26, No. 11, (1985), pp. 1719 - 1724. 
Morton, J. and Godwin, E.W., Impact Response of Tough Carbon Fibre Composites, 
Composite Structures 13, (1989), pp. 1 -19. 
Naeem, M., The Resistance of Glass Reinforced Thermosetting Polymers to 
Thermohumid Conditions, PhD thesis, Loughborough University of Technology, 
(1985). 
NASA, Standard Tests for Toughened Resin Composites, NASA Reference 
Publication 1092, (1982). 
NASA Conf. Publication, CompOSite Property Dependence on the Fibre, Matrix and 
the Interphase, Tough CompOSite Materials, 2334, (1983), pp. 228 - 243. 
Norita, T., Kitano, A. and Noguchi, K., Compressive Strength of Fibre Reinforced 
CompOSite Materials : Effect of Fibre Properties, Proc. Jpn. US Conf. Composite 
Materials, 4, (1988), pp. 548 - 557. 
Newman, J.C. Jr., A Nonlinear Fracture Mechanics Approach to the Growth of Small 
Cracks, Behaviour of Short Cracks On Airframe Components, AGARD Conf. Proc., 
France, (1982). 
221 
Nuismer, RJ. and Labor, J.D., Applications of the Average Stress Failure Criterion 11 
Compression, Journal Composite Materials, Vol. 13, (1979), pp. 49 - 60. 
Orringer, 0., Compressive Behaviour of Fibre Composites, ASRL-TR-162-1, October, 
(1971), pp. 1 - 159. 
Parry, T.V. and Wronski, A.S., Kinking and Compressive Failure in Aligned Carbon 
Fibre Composite Tested under Superposed Hydrostatic Pressure, J. of Materials 
Science, 17, (1982), pp. 893 - 900. 
Piggot, M.R and Harris, B., Compressive Strength of Carbon, Glass and Kevlar-49 
Fibre Reinforced Polyester resins, J. Material Science, 15, (1980), pp. 2523 - 2538. 
Piggot, M.R, A Theoretical Framework for the Compressive Properties of Aligned 
Fibre Composites, J. Material SCience, 16, (1981), pp. 2837 - 2845. 
Prabhakaran, R, Tensile Fracture of Composites with Circular Holes, Material Science 
Engineering, Vol. 41, no. 1, (1979), pp. 121 -125. 
Prandy, J., Boyd, J. and Recker, H., The Effect of Absorbed Energy on the CAI 
Performance for Composite Materials, 36th. International SAMPE Symposium, Vol. 
36,1, April 15 -18, (1991), pp. 901 - 911. 
Preuss, T.E. and Clark, 8., The Use of Time of Flight C-Scanning for Assessment of 
Impact Damage in Composites, Composites, 19, (1988), pp. 145 - 148. 
Prichard, J.C., and Hogg, P.J., The Role of Impact Damage in Post-Impact 
Compression Testing, Composites, 21, 6, (1990), pp. 503 - 511. 
Port, K.F., The Compressive Strength of Carbon Fibre Reinforced Plastics, RAE TR-
82083, (1982). 
222 
Potter, R.T. and Purslow, D., Environmental Degradation of Notched CFRP in 
Compression, Composites, 14, No. 3, (July 1983), pp. 206 - 225. 
Purslow, D. and Potter, R.T., Effect of the Environment on the Compression Strength 
of Notched CFRP- A Fractographic Investigation, Composites, 15, no. 2, (April 1984), 
pp. 112 - 120. 
Rashid, H.U., Sorption and Diffusion of Water in Epoxy Resins, Ph.D. Thesis, 
University of Sheffield, October (1978). 
Recker, H.G., Allspach, T., Altstadt, V., Folda, T., Heckmann, W., Ittenmann, P., 
Linden, G., Tesch, H. and Weber, T., Damage Tolerant Carbon Fibre Epoxy 
Composites for Aerospace Applications, Materials and Processing - move into the 
90's, Proc. of the tenth SAMPE (European Chapter) International Conference, Eds: 
Benson, S., Trewin, E. and Turner, R.M., Elsevier Science Publishers 
BV.,Amsterdam, (1989), pp. 63 - 73. 
Rehfield, L.W., Anmanios, EA and Changli, Q., Analysis of Behaviour of Fibrous 
Composite Compression Specimens, Recent Advances in Composites in the United 
States and Japan, ASTM STP 864, (1985), pp. 236 - 252. 
Reinhart, T. J., Composites, Engineered Materials Handbook, 1, ASM. International, 
US, (1987). 
Richardson, M.O.W. and Wisheart, M.J., Review of Low-Velocity Impact Properties of 
Composite Materials, Composites, Part A, 27 A, (1996), pp. 1123 - 1131. 
Rhodes, M.D., Mikulas, M.M. and McGowan, P.E., Effects of Orthotropy and Width on 
the Compression Strength of Graphite/Epoxy Panels with Holes, AIM Journal, 22(9), 
(1984), pp. 1283 - 1292. 
Rosen, B.W., Mechanics of Composite Strengthening, Fibre Composite Materials, 
American Society of Metals, (1965), pp. 37 - 75. 
223 
Ryder, J.T. and Black, E.D., Compression Testing of Large Gauge Length Composite 
Coupons, ASTM STP 617, Composite Materials: Testing ( 4"'. Conference), Valley 
Forge, Pa., (1976), pp. 170 - 189. 
SACMA SRM 2 - 88, Test Method for Compression After Impact Properties of 
Oriented Fibre Resin Composites SRM 2-88, Suppliers of Advanced Composite 
Materials Association, (1988). 
Schultheisz, C.R. and Waas, A.M., Compressive Failure of Composites, Part I, 11, 
Prog. Aerospace SCience, 32, (1996), pp. 1 - 78. 
Schwartz, R.T. and Schwartz, H.S., Fundamental Aspects of Fibre Reinforced Plastic 
Composites, Interscience Publishers, (1968), pp. vii - xi. 
Selzer, R. and Friedrich, K., Influence of water up-take on Interlaminar Fracture 
Properties of Carbon Fibre reinforced Polymer Composites, Journal of Materials 
SCience, 30, (1995), pp. 334 - 338. 
Selzer, R. and Fried rich , K., Mechanical Properties and Failure Behaviour of Carbon 
Fibre Reinforced Polymer Composites Under the Influence of Moisture, Composites 
Part A, 28A, (1997), pp. 595 - 604. 
Shen, C. and Springer, G.S., Moisture Absorption and Desorption of Composite 
Materials, Journal of Composite Materials, Vo1.10, (1976), pp. 2 - 20. 
Shirrel, C.D., Diffusion of Water Vapour in Graphite/Epoxy Composites, Advanced 
Composite Materials - Environmental Effects, ASTM STP 658, J.R. Vinson ed., 
American Society for Testing and Materials, (1978), pp. 21 - 42. 
Shivakumar, K.N., Elber, W. and IIIg, W., Prediction of Low-Velocity Impact Damage 
in Thin Circular Laminates, AIAA Journal, 23(3), (1985), pp. 347 - 362. 
224 
Shuart, M.J., Short Wavelength Buckling and Shear Failures for Compression Loaded 
Laminates, NASA TM - 87640, (1985). 
Sjoblom, p.a., Hartness, J.T. and Cordell, T.M., On Low-Velocity Impact Testing of 
Composite Materials, Joumal of Composite Materials, 22, (1988), pp. 30 - 52. 
Sjoblom, p.a. and Hwang, B., Compression After Impact: the $ 5,000 data point, 34th 
International SAMPE Symposium, Reno, May 8 - 11 (1989), pp. 1411 - 1421. 
Slaughter, W.S., Fleck, N.A. and Budiansky, B., Microbuckling of Fibre Composites: 
The Roles of Multi-Axial Loading and Creep, J. Engineering Materials & Technology, 
115(3), (1993), pp. 308 - 313. 
Soutis, C. and Fleck, N.A, Static Compression Failure of Carbon Fibre T800/924C 
Composite Plate with a Single Hole, Journal of Composite Materials, 24, No. 5, 
(1990), pp. 536 - 558. 
Soutis, C., Measurement of the Static Compressive Strength of Carbon Fibre/Epoxy 
Laminates, Composite Science and Technology, 42, No.4, (1991), pp. 373 - 392. 
Soutis, C., Fleck, N.A. and Smith, P.A., Failure Prediction Technique for Compression 
Loaded Carbon Fibre - Epoxy Laminate with Open Holes, Journal of Composite 
Materials, 25, No. 11, (1991), pp. 1476 - 1498. 
Soutis, C., Curtis, P.T. and Fleck, N.A., Compressive Failure of Notched Carbon Fibre 
Composites, Proc. R. Soc. Lond. A, 440, (1993), pp. 241 - 256. 
Soutis, C. and Turkmen, High Temperature Effects on the Compressive Strength of 
Glass Fibre-Reinforced Composites, ICCM/9, Volume 6 : Composites Properties and 
Applications, Conference Proceedings Madrid, Miravete, A., Ed., (12 -16 July 1993), 
pp. 581 - 588. 
225 
Soutis, C., Compressive Behaviour of Composites, RAPRA Review Reports, Volume 
8, Number 10, (1997), pp. 3 - 25. 
Springer, G.S., Developments in Reinforced Plastics - 2, Ed., G. Pritchard, Pub. by 
Applied Science Publishers, (1984), pp. 43. 
Springer, <:3.S., Environmental Effects, Environmental Effects on Composite Materials, 
Vol. 3, G.S. Springer ed., (1988), pp. 1 - 34. 
Stames, J.H., Rhodes, M.D., and Williams, J.G., Effect of Impact Damage and Holes 
on the Compressive Strength of a Graphite/Epoxy Laminate, ASTM STP 696, Non-
destructive Evaluation and Flaw Criticality for Composite Materials, Symposium 
Philadelphia, October 10 -11, (1978), pp. 145 -171. 
Stone, D.E.W. and Clarke, B., Non-Destructive Evaluation of Composite Structures -
An Overview, In Proceeding ICCM VI and ECCM 11, Vo1.3, Eds: Mathews, F.L. et ai, 
Elsevier Applied Science Publishers, London (1987), pp. 1 - 26. 
Stratmann, W., Looking Ahead for Materials and Processes, Eds: de Bossu, J., 
Briens, G., Lissac, P., Elsevier Science Publishers, (1987), pp. 53 - 61. 
Stubbington, CA, Materials Trends in Military Airframes, Metals and Materials, July 
(1988), pp. 424 - 431. 
Suarez, J.C., Molleda, F. and Guemes, A., Void Content in Carbon Fibre / Epoxy 
Resin CompOSites and its Effects on Compressive Properties, CompOSites Properties 
and Application, ICCM /9 Conf. Proc., Madrid (July 12 - 16 th. 1993), pp. 589 - 596. 
Tanaka, K. and Kageyama, K., Standardization Study on Compression After Impact 
Test for CFRPs In Japan, CompOSites Testing and Stadardisation, ECCM - CTS 2, 
European Conference on CompOSites Testing and Standardisation, Sep. 13 - 15, 
(1994), Hamburg Germany, pp. 469 - 493. 
226 
Thomson, K.W. and Broutman, L.J., Strain Softening in An Epoxy Resin, Joumal of 
Materials Science, Vol. 17, No. 9, (1982), pp. 2700 - 2708. 
Waddoups, M.E., Eisenmann, J.R. and Kaminski, B.E., Microscopic Fracture 
Mechanics of Advanced Composite Materials, Joumal Composite Materials, 5, (1971), 
pp. 446 - 454. 
Westberg, R.W. and Abdallah, M.G., An Experimental and Analytical Evaluation of 
Three Compressive Test Methods for Unidirectional Graphite/Epoxy CompOSites, 
Report No. MISC - E524 - 10, (1987), Magna, UT, Hercules Inc. 
Whitney, J.M. and Nuismer, R.J., Stress Fracture Criteria For Laminated CompOSites 
Containing Stress Concentrations, Joumal CompOSite Materials, 8, No. 3, (1974), pp. 
253 - 265. 
Wisnom,M. R., The Effect of Fibre Misalignment on the Compressive Strength of 
Unidirectional Carbon Fibre/Epoxy, Composites, 21,(1990), pp. 403 - 407. 
Wung, E.C. and Chatte~ee, S.N., The Failure Mechanisms in Laminate Compression 
Specimens and the Measurement of Strengths', Joumal of CompOSite Materials, 26 
(13), (1992), pp. 1886 - 1909. 
Wolf, K. and Horoschenkoff, A., Effect of Global Stability Failure on Compression 
After Impact Test Results, CompOSites Testing & Standardisation ECCM - CTS 2, 
Sep. 13 -15, Hamburg Germany, (1994), pp. 487 - 493. 
Wong, T.C. and Broutman, L.J., Moisture Diffusion in Epoxy Resins, Part 1, Non-
Fickian Sorption Processes, Polymer Engineering SCience, 25, No. 9, (1985), pp. 521 
- 528. 
Woo, M. and Piggot, M.R., Water Absorption of Resins and Composites; IV, Water 
Transport in Fibre Reinforced Plastics, Joumal Compos. Technol. Res., Vol. 10, No. 1, 
(1988), pp. 20 - 24. 
227 
Woolstencroft, D.H., Curtis, A.R. and Haresceugh, R.I., A Comparison of Test 
Techniques Used for the Evaluation of the Unidirectional Compressive Strength of 
Carbon Fibre-Reinforced Plastic, Composites, Vol. 12, No. 4, (1981), pp. 275 - 280. 
Wright, W.W., The Effect of Diffusion of Water into Epoxy Resins and Their Carbon -
Fibre Reinforced Composites, Composites, Vol. 12, No. 3, July(1981), pp. 201 - 205. 
Xie, M. and Adams, D.F., Effect of Loading Method on Compression Testing of 
Composite Materials, Joumal of Composite Materials, Vol. 29, No. 12, (1995), pp. 
1581 - 1600. 
228 
APPENDIX 
229 
Table 23 : Impact damage areas after impact. 
DAMAGE AREA 
IMPACT CARBON FIBRE GLASS FIBRE HYBRID 
ENERGY (J) (mm2) (mm2) 4C/16G/4C 
(mm2) 
9 319 179 215 
9 336 187 237 
9 344 201 240 
12 383 221 296 
12 385 244 308 
12 391 262 312 
15 484 267 379 
15 487 277 394 
15 491 289 398 
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Table 24 : CAI strength for dry condition. 
SAMPLES BREAKING MODE CAISTRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 384 ) 
un 12 Unsupported Region 464 ) 426 
un 13 Unsupported Region 460 ) 
3J 11 End Crushing 366 ) 
3J 12 End Crushing 464 ) 400 
3J 13 Unsupported Region 369 ) 
6J 11 Unsupported Region 383 ) 
6J 12 Unsupported Region 378 ) 391 
6J 13 Unsupported Region 412 ) 
9J 11 WithinABG 265 ) 
9J 12 WithinABG 253 ) 263 
9J 13 WithinABG 270 ) 
12J 11 WithinABG 232 ) 235 
12J 12 WithinABG 238 ) 
12J 13 WithinABG 235 ) 
15J 11 Within ABG 220 ) 208 
15J 12 WithinABG 196 ) 
15J 13 WithinABG 208 ) 
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Table 25 : CAI strength for 0.2 % moisture up-take after exposure at 40°C and 90% 
RH of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 285 ) 
un 12 Unsupported Region 369 ) 348 
un 13 Unsupported Region 389 ) 
3J 11 Unsupported Region 395 ) 
3J 12 Unsupported Region 425 ) 411 
3J 13 Unsupported Region 413 ) 
6J 11 End Crushing 434 ) 
6J 12 Unsupported Region 413 ) 390 
6J 13 Unsupported Region 324 ) 
9J 11 Within ABG 309 ) 
9J 12 WithinABG 292 ) 281 
9J/3 WithinABG 241 ) 
12J 11 Within ABG 220 ) 241 
12J 12 WithinABG 262 ) 
15J 11 WithinABG 205 ) 202 
15J 12 WithinABG 199 ) 
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Table 26 :-CAI strength for 0.3 % moisture up-take after exposure at 40·C and 90% 
RH of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 272 ) 
un 12 End Crushing 428 ) 345 
un 13 End Crushing 334 ) 
3J 11 End Crushing 383 ) 
3J/2 Unsupported Region 393 ) 378 
3J/3 Unsupported Region 357 ) 
6J 11 Unsupported Region 383 ) 
6J 12 Unsupported Region 401 ) 406 
6J 13 Unsupported Region 433 ) 
9J 11 WithinABG 282 ) 
9J 12 WithinABG 311 ) 286 
9J 13 WithinABG 263 ) 
12J 11 WithinABG 220 ) 
12J 12 Within ABG 196 ) 220 
12J 13 Within ABG 243 ) 
15J 11 Within ABG 246 ) 
15J 12 WithinABG 211 ) 228 
15J 13 Within ABG 226 ) 
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Table 27 : CAI strength for 0.4 % moisture up-take after exposure at 40·C and 90% 
RH of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 357 ) 
un 12 End Crushing 354 ) 381 
un 13 End Crushing 431 ) 
3J 11 Unsupported Region 395 ) 
3J 12 End Crushing 306 ) 372 
3J 13 Unsupported Region 413 ) 
6J 11 End Crushing 413 ) 
6J/2 Unsupported Region 392 ) 380 
6J/3 End Crushing 336 ) 
9J 11 WithinABG 312 ) 
9J 12 WithinABG 321 ) 317 
9J 13 WithinABG 318 ) 
12J 11 WithinABG 205 ) 239 
12J 12 Within ABG 273 ) 
15J 11 WithinABG 190 ) 202 
15J 12 WithinABG 214 ) 
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Table 28: CAI strength for 0.5 % moisture up-take after exposure at 40'C and 90% 
RH of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 360 ) 
un 12 Unsupported Region 374 ) 367 
3J 11 End Crushing 300 ) 
3J 12 Unsupported Region 354 ) 327 
6J 11 Unsupported Region 377 ) 360 
6J 12 End Crushing 342 ) 
9J 11 WithinABG 238 ) 
9J 12 WithinABG 241 ) 239 
12J 11 WithinABG 226 ) 226 
12J 12 WithinABG 226 ) 
15J 11 WithinABG 241 ) 239 
15J 12 WithinABG 238 ) 
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Table 29 : CAI strength for 0.6 % moisture up-take after exposure at 40·C and 90% 
RH of carbon fibre laminates. 
SAMPLES BREAKING MODE CAISTRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 360 ) 360 
un 12 End Crushing 360 ) 
3J 11 End Crushing 339 ) 357 
3J 12 Unsupported Region 374 ) 
6J 11 Unsupported Region 312 ) 351 
6J12 End Crushing 389 ) 
9J 11 WithinABG 235 ) 
9J12 WithinABG 253 ) 244 
12J 11 WithinABG 232 ) 
12J 12 WithinABG 181 ) 239 
12J 13 WithinABG 303 ) 
15J 11 WithinABG 172 ) 
15J 12 WithinABG 184 ) 190 
15J 13 Within ABG 214 ) 
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Table 31 : CAI strength for 0.3% water up-take after exposure at 60°C and 95% RH 
of carbon fibre laminates. 
SAMPLES BREAKING MODE CAISTRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 385 ) 
un 12 Unsupported Region 380 ) 404 
un 13 Unsupported Region 446 ) 
9J 11 WithinABG 278 ) 
9J 12 WithinABG 229 ) 253 
9J 13 WithinABG 251 ) 
12J 11 WithinABG 215 ) 
12J 12 WithinABG 208 ) 227 
12J 13 WithinABG 259 ) 
15J 11 WithinABG 224 ) 
15J 12 WithinABG 184 ) 206 
15J 13 WithinABG 211 ) 
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Table 32: CAI test for 0.6% moisture up-take after exposure at 60°C and 95% RH 
of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 259 ) 
un 12 End Crushing 380 ) 295 
un 13 End Crushing 247 ) 
9J 11 WithinABG 205 ) 
9J/2 WithinABG 220 ) 233 
9J/3 WithinABG 273 ) 
12J 11 WithinABG 232 ) 
12J 12 Within ABG 184 ) 199 
12J 13 WithinABG 181 ) 
15J 11 WithinABG 172 ) 
15J 12 WithinABG 187 ) 178 
15J 13 WithinABG 175 ) 
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Table 33: CAI strength for 0.9% moisture up-take after exposure at 60°C and 
95% RH of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 303 ) 
un 12 End Crushing 315 ) 333 
un 13 End Crushing 380 ) 
9J 11 WithinABG 288 ) 
9J 12 WithinABG 235 ) 256 
9J 13 WithinABG 244 ) 
12J 11 WithinABG 229 ) 
12J 12 WithinABG 208 ) 242 
12J 13 WithinABG 288 ) 
15J 11 Within ABG 187 ) 
15J 12 WithinABG 149 ) 166 
15J 13 Within ABG 163 ) 
239 
Table 34: CAI test for 1.2% moisture up-take after exposure at 60°C and 95% RH 
of carbon fibre laminates. 
SAMPLES BREAKING MODE CAISTRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 End Crushing 315 ) 
un 12 Unsupported Region 355 ) 315 
un/3 End Crushing 273 ) 
9J 11 WithinABG 233 ) 
9J 12 WithinABG 252 ) 262 
9J 13 WithinABG 300 ) 
12J 11 WithinABG , 190 ) 
12J 12 WithinABG 190 ) 194 
12J 13 WithinABG 202 ) 
15J 11 Within ABG 211 ) 
15J 12 WithinABG 172 ) 181 
15J 13 WithinABG 161 ) 
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Table 35: CAI test for 1.5% moisture up-take after exposure at 60°C and 95% RH 
of carbon fibre laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 324 ) 
un 12 End Crushing 339 ) 351 
un 13 End Crushing 389 ) 
9J 11 Within ABG 318 ) 
9J 12 WithinABG 285 ) 307 
9J 13 WithinABG 318 ) 
12J 11 WithinABG 245 ) 
12J 12 WithinABG 184 ) 207 
12J 13 WithinABG 190 ) 
15J 11 WithinABG 172 ) 
15J 12 WithinABG 207 ) 187 
15J 13 WithinABG 181 ) 
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Table 37 : CAI strength for dry condition of glass fibre reinforced laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 282 ) 
un 12 Unsupported Region 333 ) 310 
un 13 Unsupported Region 315 ) 
9J 11 Within ABG 276 ) 
9J12 WithinABG 229 ) 255 
9J13 WithinABG 259 ) 
12J 11 WithinABG 247 ) 
12J 12 WithinABG 253 ) 244 
12J 13 Within ABG 232 ) 
15J 11 WithinABG 270 ) 
15J 12 Within ABG 220 ) 236 
15J 13 WithinABG 217 ) 
242 
Table 38: CAI strength for 0.3% water up-take after exposed at 60°C and 95%RH 
of glass fibre reinforced laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 312 ) 
un 12 Unsupported Region 306 ) 311 
un 13 Unsupported Region 315 ) 
9J 11 WithinABG 253 ) 
9J/2 Within ABG 247 ) 245 
9J/3 WithinABG 235 ) 
12J 11 WithinABG 217 ) 
12J 12 WithinABG 208 ) 218 
12J 13 WithinABG 229 ) 
15J 11 WithinABG 205 ) 
15J 12 WithinABG 223 ) 214 
15J 13 WithinABG 214 ) 
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Table 39: CAI test for 0.6% moisture up-take after exposed at 60°C and 95%RH 
of glass fibre reinforced laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 327 ) 
un 12 Unsupported Region 312 ) 317 
un 13 Unsupported Region 312 ) 
9J 11 WithinABG 220 ) 
9J12 WithinABG 273 ) 242 
9J 13 WithinABG 232 ) 
12J 11 WithinABG 226 ) 
12J 12 WithinABG 211 ) 217 
12J 13 WithinABG 214 ) 
15J 11 WithinABG 223 ) 
15J 12 WithinABG 205 ) 215 
15J 13 WithinABG 217 ) 
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Table 40: CAI test for 0.9% moisture up-take after exposed at 60°C and 95%RH 
of glass fibre reinforced laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 291 ) 
un 12 End Crushing 256 ) 271 
un 13 End Crushing 267 ) 
9J 11 WithinABG 253 ) 
9J 12 Within ABG 229 ) 238 
9J/3 Within ABG 232 ) 
12J 11 WithinABG 190 ) 
12J 12 Within ABG 202 ) 207 
12J 13 WithinABG 229 ) 
15J 11 WithinABG 225 ) 
15J 12 Within ABG 205 ) 204 
15J 13 Within ABG 181 ) 
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Table 41 : CAI test for 1.2% moisture up-take after exposed at 60°C and 95%RH 
of glass fibre reinforced laminates. 
SAMPLES BREAKING MODE CAISTRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 262 ) 
un 12 Unsupported Region 276 ) 266 
un 13 Unsupported Region 259 ) 
9J 11 Within ABG 256 ) 
9J 12 WithinABG 259 ) 250 
9J 13 WithinABG 235 ) 
12J 11 WithinABG 256 ) 
12J 12 WithinABG 226 ) 235 
12J 13 Within ABG 223 ) 
15J 11 WithinABG 202 ) 
15J 12 WithinABG 224 ) 210 
15J 13 WithinABG 205 ) 
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Table 42: CAI test for 1.5% moisture up-take after exposed at 60°C and 95%RH 
of glass fibre reinforced laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 327 ) 
un 12 Unsupported Region 273 ) 297 
un 13 Unsupported Region 291 ) 
9J 11 WithinABG 226 ) 
9J 12 WithinABG 226 ) 224 
9J 13 Within ABG 220 ) 
12J 11 WithinABG 217 ) 
12J 12 WithinABG 220 ) 215 
12J 13 WithinABG 208 ) 
15J 11 WithinABG 205 ) 
15J 12 WithinABG 184 ) 193 
15J 13 WithinABG 190 ) 
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Table 44: CAI strength for dry condition of hybrid 4C/16G/4C laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 374 ) 
un 12 Unsupported Region 371 ) 384 
un 13 Unsupported Region 407 ) 
9J 11 WithinABG 261 ) 
9J 12 WithinABG 303 ) 273 
9J 13 Within ABG 256 ) 
12J 11 WithinABG 241 ) 
12J 12 WithinABG 232 ) 240 
12J 13 WithinABG 247 ) 
15J 11 WithinABG 217 ) 
15J 12 WithinABG 238 ) 227 
15J 13 WithinABG 226 ) 
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Table 45: CAI strength for 0.6% moisture up-take after exposed at 60°C and 95% 
RH of hybrid 4C/16G/4C laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 309 ) 
un 12 Unsupported Region 365 ) 341 
un 13 Unsupported Region 348 ) 
9J 11 WithinABG 241 ) 
9J 12 WithinABG 261 ) 249 
9J 13 WithinABG 244 ) 
12J 11 Within ABG 220 ) 
12J 12 WithinABG 244 ) 237 
12J 13 Within ABG 247 ) 
15J 11 WithinABG 217 ) 
15J 12 WithinABG 238 ) 226 
15J 13 Within ABG 224 ) 
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Table 46: CAI test for 0.9% moisture up-take after exposed at 60°C and 95% RH 
of hybrid 4C/16G/4C laminates. 
SAMPLES BREAKING MODE CAISTRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 303 ) 
un 12 Unsupported Region 321 ) 323 
un 13 Unsupported Region 345 ) 
9J 11 WithinABG 253 ) 
9J/2 WithinABG 253 ) 239 
9J/3 WithinABG 211 ) 
12J 11 Within ABG 229 ) 
12J 12 Within ABG 232 ) 230 
12J 13 Within ABG 229 ) 
15J 11 Within ABG 211 ) 
15J 12 Within ABG 217 ) 216 
15J 13 Within ABG 220 ) 
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Table 47: CAI test for 1.2% moisture up-take after exposed at 60°C and 95% RH 
of hybrid 4C/16G/4C laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 336 ) 
un 12 Unsupported Region 315 ) 336 
un 13 Unsupported Region 356 ) 
9J 11 Within ABG 226 ) 
9J 12 WithinABG 238 ) 235 
9J 13 WithinABG 241 ) 
12J 11 WithinABG 238 ) 
12J 12 WithinABG 222 ) 231 
12J 13 Within ABG 232 ) 
15J 11 WithinABG 232 ) 
15J 12 WithinABG 214 ) 212 
15J 13 WithinABG 190 ) 
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Table 48: CAI test for 1.5% moisture up-take after exposed at 60°C and 95% RH 
of hybrid 4C/16G/4C laminates. 
SAMPLES BREAKING MODE CAI STRENGTH MEAN CAI STRENGTH 
MPa MPa 
un 11 Unsupported Region 273 ) 
un 12 Unsupported Region 300 ) 294 
un 13 Unsupported Region 309 ) 
9J 11 Within ABG 255 ) 
9J 12 WithinABG 238 ) 243 
9J 13 WithinABG 235 ) 
12J 11 WithinABG 229 ) 
12J 12 WithinABG 214 ) 220 
12J 13 WithinABG 217 ) 
15J 11 WithinABG 202 ) 
15J 12 WithinABG 193 ) 203 
15J 13 WithinABG 214 . ) 
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